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Abstract 

Many materials have been explored to attain carbon neutrality and address climate change and 

resources scarcity. Among these, metal-organic frameworks (MOFs) are one of the most 

promising materials owing to their porous properties, structural diversity, and tunable pore 

structure. They have been widely used in various environmentally friendly applications, such 

as gas storage and separation, water treatment, catalysis, and energy production. However, due 

to their crystalline morphology, they most commonly occur as powders, and their processability 

and handling remain a significant challenge. 

In recent years, research activities towards integrating MOFs into cellulose substrates, to 

produce engineered materials broaden their utilization. The resulting MOF/cellulose 

composites with hierarchical porosity, sophisticated multi-layered networks, and highly 

accessible MOF active sites have been used in many applications. In the first part of thesis, we 

summarize current state-of-the-art routes for the fabrication and applications of MOF/cellulose 

composites. We found that the most extensively utilized ways for fabricating structured 

MOF/cellulose composites are time and energy-consuming bottom-up methods, resulting in 

relatively weak mechanical properties.  

Instead, wood is an ideal alternative support for MOFs as wood is a material with a natural 

hierarchical structure and strong mechanical performance. Hence, in the second part of this 

thesis, we introduced a versatile green synthesis method for the in situ growth of MOFs within 

wood substrates. Nucleation sites for MOFs were created by a sodium hydroxide treatment, 

which was demonstrated to be broadly applicable to different wood species. The resulting 

MOF/wood composites exhibited hierarchical porosity, CO2 adsorption capacity, and superior 

mechanical properties, which surpassed those obtained for polymer/cellulose substrates.  

Based on this approach, in the third part of the thesis, we were able to solve the problem of the 

weak polarizability of native wood by functionalizing it with a MOF (ZIF-8) and a common 

elastomer (PDMS). We assembled the two parts into wood triboelectric nanogenerators (W-

TENGs), which are a mechanical energy-harvesting device with extremely promising 

applications for smart buildings. The functionalization of wood surfaces widened the spectrum 

of triboelectric polarities by selecting the crystal size of ZIF-8, wood species, and cutting 

direction. We demonstrate the applicability of our W-TENG in smart buildings by using it to 

power household lamps, calculators, and electrochromic windows.  
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In the final part of the thesis, we address the challenge of catalyst reusability and large-scale 

operation by structuring palladium-based catalysts on MOF functionalized wood microreactors 

for continuous-mode H2 generation from ammonia borane. By exploiting amine-containing 

linkers, we demonstrate the uniform growth of distinct MOFs over the internal surfaces of 

different wood species. Surface functionalization of wood with MOFs is essential to stabilize 

well-dispersed palladium nanoparticles at high metal content. Evaluation of the structured 

catalysts in the continuous dehydrogenation of ammonia borane demonstrates high hydrogen 

production performance. In addition, the modular design of the structured catalysts is readily 

scalable. This part emphasized the relationship between the selected wood species and catalysis 

activity. 

In this thesis, the developed strategies offer a stable, sustainable, and scalable platform for 

fabricating multifunctional MOF/wood-derived composites, showing the potential applications 

in environmental and energy-related fields. The research provides a deep understanding of the 

principle of enhancing the affinity between wood and MOFs, and wood structure-fabrication-

performance relations, opening up new avenues in the utilization of wood/MOF composites.  

  



` 
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Zusammenfassung 

Viele Materialien wurden bereits erforscht, um Kohlenstoffneutralität zu erreichen und dem 

Klimawandel und der Ressourcenknappheit zu begegnen. Unter diesen sind metallorganische 

Gerüstverbindungen (MOFs) aufgrund ihrer porösen Eigenschaften, strukturellen Vielfalt und 

kontrollierbaren Porenstruktur eines der vielversprechendsten Materialien, die in verschiedenen 

umweltfreundlichen Anwendungen wie Gasspeicherung und -trennung, Wasseraufbereitung, 

Katalyse und Energieerzeugung weit verbreitet sind. Aufgrund der kristallinen Beschaffenheit 

von MOFs liegen sie jedoch meist in Pulverform vor, und ihre Verarbeitbarkeit und Handhabung 

stellen nach wie vor eine grosse Herausforderung dar. 

In den letzten Jahren wurden Forschungsaktivitäten zur Integration von MOFs in 

Zellulosesubstrate unternommen, um die Nutzung solcher Funktionsmaterialien zu erweitern. 

Die daraus resultierenden MOF/Zellulose-Verbundwerkstoffe mit hierarchischer Porosität, 

ausgeklügelten mehrschichtigen Netzwerken und gut zugänglichen aktiven MOF-Stellen 

wurden in vielen Anwendungen eingesetzt. Im ersten Teil der Arbeit wird der aktuelle Stand der 

Forschung zur Herstellung und Anwendung von MOF/Zellulose-Verbundwerkstoffen 

vorgestellt und zusammengefasst. Dabei sind die am häufigsten genutzten Methoden zur 

Herstellung von strukturierten MOF/Zellulose-Verbundwerkstoffen zeit- und energie-

aufwendige Bottom-up-Methoden, die zu Hybridmaterialien mit relativ eingeschränkten 

mechanischen Eigenschaften führen.  

Im Gegensatz dazu, ist Holz eine ideales alternatives Trägermaterial für MOFs, da es mit einer 

natürlichen hierarchischen Struktur und sehr guten mechanischen Eigenschaften ausgestattet ist. 

Daher beschäftigt sich der zweite Teil dieser Arbeit mit einer vielseitigen grünen 

Synthesemethode für das in-situ-Wachstum von MOFs in Holzsubstraten. Die «Keimstellen» 

für das MOF Wachstum wurden durch eine Natriumhydroxid-Behandlung geschaffen, die auf 

verschiedene Holzarten anwendbar ist. Die daraus resultierenden MOF/Holz-

Verbundwerkstoffe wiesen eine hierarchische Porosität, eine hohe CO2-Adsorptionskapazität 

und sehr gute mechanische Eigenschaften auf, welche die mit Polymer/Zellulose-Substraten 

erzielten Eigenschaften übertrafen.  

Auf der Grundlage dieses Ansatzes gelang es im dritten Teil der Arbeit, das Problem der 

schwachen Polarisierbarkeit von nativem Holz zu überwinden, indem es mit einem MOF (ZIF-

8) und einem gängigen Elastomer (PDMS) funktionalisiert wurde. So konnte ein 

triboelektrischer Holz-Nanogenerator (W-TENG) entwickelt werden, der als mechanischer 

Energiespeicher mit vielversprechenden Anwendungen im Bereich intelligente Gebäude 
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fungieren kann. Durch die Wahl der Kristallgröße von ZIF-8, der Holzart und der 

Schnittrichtung kann das Mass der Polarität gesteuert warden. Die Anwendbarkeit des W-

TENG in intelligenten Gebäude, konnte durch die Stromversorgung von Haushaltslampen, 

Taschenrechnern und elektrochromen Fenstern demonstriert werden.  

Im letzten Teil der Arbeit stand die Wiederverwendbarkeit von Katalysatoren im Vordergrund. 

Dazu wurden Katalysatoren auf Palladiumbasis auf MOF-funktionalisierten 

Holzmikroreaktoren für die kontinuierliche H2-Erzeugung aus Ammoniak-Boran strukturiert. 

Durch die Nutzung aminhaltiger Linker konnte ein gleichmässiges Wachstum verschiedener 

MOFs auf den inneren Oberflächen verschiedener Holzarten erreicht werden. Die 

Oberflächenfunktionalisierung von Holz mit MOFs ist für die Stabilisierung von dispergierten 

Palladium-Nanopartikeln mit hohem Metallgehalt unerlässlich. Die Untersuchung der 

strukturierten Katalysatoren hinsichtlich der kontinuierlichen Dehydrierung von Ammoniak-

Boran zeigt eine hohe Leistung bei der Wasserstoffproduktion. Darüber hinaus ist der modulare 

Aufbau der strukturierten Katalysatoren leicht skalierbar.  

Die in dieser Arbeit untersuchten Strategien bieten einen nachhaltigen und skalierbaren Ansatz 

für die Herstellung multifunktionaler MOF/Holz-Verbundwerkstoffe und zeigen das Potenzial 

für Anwendungen in umwelt- und energiebezogenen Bereichen auf. Die Doktorarbeit trägt 

damit zu einem tieferen Verständnis der Prozesse zur Verbesserung der Affinität zwischen Holz 

und MOFs und der Wechselwirkungen zwischen Holzstruktur und Herstellung bei und eröffnet 

somit neue Wege für die Nutzung von Holz/MOF-Verbundwerkstoffen.  

  

https://dict.leo.org/englisch-deutsch/Ma%C3%9F
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1 Motivation and Objectives  

Climate change, pollution, and resource shortages are among the greatest challenges of 

humankind. To address these issues and realize the carbon neutrality transition in the world, 

there are many ways, including carbon capture and storage, generation electricity from zero-

emission sources, and expanding clean and renewable energy.1  

Metal-organic frameworks (MOFs), a class of crystallized porous materials formed by the 

coordination of metal ions/clusters and organic bridging ligands,2 have been fabricated and 

explored in various functional applications to contribute to mitigate the problems mentioned 

above, for example, gas storage and separation,3,4 water treatment,5 sensing,6 catalysis,7,8 and 

energy production.9,10 Their structures can be tailored to specific functionality based on the 

organic linkers’ geometries and the inorganic metal ions’ coordination modes. The ultrahigh 

porosity and large surface areas of MOFs play a crucial role in these functional applications. 

However, MOFs are generally in powder form due to their crystalline nature, making their 

processability and handling a substantial issue.11  

Integrating MOFs into polymer substrates to produce engineered materials is an ideal method 

to broaden the utilization of such functional materials.12 As a result, MOFs have been integrated 

or grown onto a variety of polymers, yielding MOF/polymer composites with hierarchical 

porosity and sophisticated multi-layered networks that have been used in many applications.13 

However, the use of synthetic polymers derived from petrochemical products cause 

environmental problems. As an alternative, cellulose, as the most widely used biopolymer with 

biodegradability, biocompatibility, renewability, and low-cost has attracted a great deal of 

attention for the fabrication of MOF composites.14 The most widely used methods for 

fabricating structured MOF/cellulose composites are bottom-up methods, such as the spinning 

process, casting, filtration, freeze-drying, and 3D printing.15-19 Even though these techniques 

enable composites with sufficient porosity, they are often characterized by weak mechanical 

properties. Instead of applying time and energy-consuming bottom-up methods, employing 

wood, a material with natural hierarchical structure and strong mechanical performance, as 

support for MOFs is a viable approach.  

Wood represents one of the oldest materials used by mankind in manifold applications such as 

construction or furniture, owing to its outstanding mechanical properties, environmental 

characteristics and aesthetic appearance.20 Moreover, in recent years, due to its sophisticated 

hierarchical cellular structure with pronounced anisotropy and lignocellulosic composition 

(mainly cellulose, hemicellulose and lignin), wood has been also used in a variety of high-tech 
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applications, for example, water treatment, energy storage, and solar steam generators.21-24 

However, there is no research related to the combination of hierarchical wood materials with 

functional MOF crystals prior to the studies in this thesis, but there are many energy and 

environmental friendly applications that can be explored based on wood/MOF composites. 

Hence, the goal of this work is to in situ grow MOFs within wood substrates to develop 

MOF/wood hybrid materials, and test their performance at the laboratory scale in various fields 

of application such as gas adsorption and separation, mechanical energy harvesting, and 

hydrogen generation. The characterization and functionality of these composites are shown and 

discussed in this thesis. The following are the main objectives of this cumulative thesis:  

1. Deep understanding of the development of MOF/cellulose composites, both in terms of 

fabrication and function. 

2. Development of a universal and green approach for the in situ growth of MOFs within wood 

substrates.   

3. Tackling the challenge of weak polarizability of native wood by functionalizing wood with 

MOFs for building an efficient triboelectric nanogenerator.  

4. Development of a controlled process for hydrogen generation in continuous mode from 

ammonia borane by structuring palladium-based catalysts on MOF functionalized wood 

microreactor.  

Based on these objectives, we can have a deep understanding of the principle of enhancing the 

affinity between MOFs and wood, as well as wood structure-performance relations. It will open 

up new avenues in the utilization of wood/MOF composites.  
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2 Outline of thesis 

The main part of this cumulative thesis consists of four journal articles, including one review 

article and three research articles. They describe the functionalization of natural wood materials 

and cellulose with MOFs for energy and environmental friendly applications.  

Prior to the four main manuscripts in Chapter 4, a brief introduction is given regarding the 

background of the materials used in this thesis, which are wood materials (chapter 3.1) and 

MOFs (chapter 3.2). In addition, the characterization methods for wood-based functionalized 

materials are presented in chapter 3.3.  

In chapter 4.1, the first paper “Metal–Organic Framework/Cellulose Composites: From 

Fabrication to Applications” is presented. In this paper, we summarize current state-of-the-art 

routes for the fabrication MOF/cellulose composites and highlight their utilization in various 

applications. In addition, the paper includes current limitations and provides possible future 

research directions in the field of MOF/cellulose composites for advanced functional materials.  

 

Figure 1 Schematic of fabrication steps and applications of MOF/cellulose composites. 

In chapter 4.2, the second paper “Hierarchical Metal-Organic Framework/Wood Functional 

Composites with Superior Mechanical Properties” presents a universal green synthesis method 

for the in situ growth of MOF nanocrystals within wood substrates. The chemical and 

morphological changes after each modification steps are investigated. Additionally, the porosity, 

mechanical properties, and CO2 adsorption ability are analyzed in this paper.  
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Figure 2. The morphology, porosity and mechanical property of the MOF/wood composites 

prepared by in situ growth method. 

Chapter 4.3 consists of the third paper “Functionalized Wood with Tunable Tribo-Polarity for 

Efficient Triboelectric Nanogenerators”. In this paper, we functionalized wood with a metal-

organic framework (ZIF-8) and a common elastomer (PDMS) to fabricate efficient triboelectric 

nanogenerators, in which wood is used as natural micro- and nanostructured template because 

of its unique structure and morphology. 

 

Figure 3. Schematic of functionalized wood with tunable tribo-polarity for triboelectric 

nanogenerator.  

Chapter 4.4 comprises the fourth paper with the title “Structured Wood-based Catalytic 

Microreactors for Continuous Hydrogen Generation from Ammonia Borane”. In this paper, we 

developed a controllable process for hydrogen generation in continuous-mode from solid-state 

storage chemical (ammonia borane) by structuring palladium-based catalysts on MOF 

functionalized wood microreactors.  
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Figure 4.  Illustration of structured wood-based catalytic microreactors for continuous 

hydrogen generation from ammonia borane 

The final part of thesis presents a general discussion addressing the results, limitations, and 

provides an outlook (chapter 5). 
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3 Introduction 

3.1 The wood material 

Wood possesses good mechanical performance in view of its lightweight originating from the 

hierarchical structure bridging multiple length scales from the macroscale of the wood stem to 

macromolecules (Figure 5 and 6).25 The rigid cell walls of wood are determined by aligned 

cellulose fibrils embedded in a compliant matrix of lignin and hemicelluloses. It has inspired 

plenty of materials science research activities to consider wood as a material to be used in high-

tech applications. Before exploring new wood-based functional materials, it is crucial to have 

a deep understanding of the wood structure, its chemical composition, wood species, and the 

current state-of-the-art of such functional materials.  

3.1.1 Hierarchical structure 

Wood discussed in this work refers to the xylem (including sapwood and heartwood) of the 

trunk of a tree (Figure 5a and b). In the living tree, cell structures of the wood are mainly 

orientated along the longitudinal direction (Figure 5c). These cells not only provide mechanical 

support but also pathways for water transport from the roots to the leaves.  

 

Figure 5. The hierarchical structure of wood. The figure (a) and (c) are adapted from Chen et 

al.25 The individual cell in (d) is illustrated by Josh Binswanger, Bachelor thesis ZHdK, 2019   

Wood species are divided into softwood and hardwood, showing different cell types, pore size 

and porosity, and densities. For example, as shown in Figure 6, softwood mainly consists of 

one cell type, the tracheid, which possesses different lumen size and cell wall thickness in 

earlywood and latewood within one growth ring. The tracheids in earlywood mainly specialized 

for water transport have thin cell walls and wide lumina, while tracheids in latewood specialized 

for mechanical support have thick cell walls and narrow lumina. By contrary, in hardwoods 

these two functions are covered by two cell types with different micro pore size, which are 

vessels and fibers, respectively. Vessels have thin cell walls and wide lumina, used for water 

transport. Fibers have thick cell walls and narrow lumina, used for mechanical function.  

a b c d

Pits
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Figure 6. The microstructure of softwood (left) and hardwood (right).26 

The diversity of cell structure results in various morphological characteristics of wood both in 

different species and in different parts of the tree stem. It makes wood a good candidate as a 

natural micro-and nanostructured template for fabricating functional materials with large 

directed porosity, since the diversity of wood microchannels along the longitudinal direction 

allows for specific selection of suitable structures for solid, gas, or liquid mass transport. 

 

Figure 7. The SEM images of wood species used in this study (a) softwood and (b) 

hardwood.  
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To explore the effect of wood structure in different applications, softwood including spruce and 

yew (Figure 7a), and hardwood including beech, basswood, poplar, and balsa wood (Figure 

7b) were selected in this study.  

Each individual cell consists of a primary layer (P) and three secondary cell wall layers (S1-S3) 

(Figure 5d), with different orientations of cellulose microfibrils and chemical compositions in 

each layer. The middle lamella is in between neighboring cells. Pits traversing the cell walls 

allow water transport between individual cells (Figure 5c).  

The chemical composition of wood is mainly cellulose, hemicelluloses, and lignin, which 

account for more than 90% of the wood (Figure 8).27,28 Except for these, there is a small amount 

of extractives and ashes existing in wood.  

The volume fraction of cellulose is approximately 40-50% of the dry substance in wood and is 

mainly located in the secondary cell wall. Cellulose consists of linear homopolymer chains 

composed of D-glucose units linked by β-(1,4)-glycosidic bonds.29 Cellulose within wood 

contains both crystalline regions and amorphous regions. The cellulose chains tend to form 

intra- and inter molecular hydrogen bonds and aggregate together.  

Hemicelluloses are polysaccharides composed of a broad variety of sugars, including the 

hexoses D-glucose, D-mannose, D-galactose, the pentoses D-xylose and D-arabinose and D-

glucuronic acid. The contents of these sugars vary between softwoods and hardwoods. 

Softwoods contain higher amounts of mannose and galactose units, while hardwoods have a 

higher proportion of xylose units and more acetyl groups. Besides hydroxyl groups and acetyl 

groups mentioned above, there is a small amount of carboxyl groups in hemicellulose, around 

0.01-0.02 mmol/g.30  

Lignin is a three-dimensional (3D), heterogeneous polymer, which consists of various aromatic 

building blocks. It dominates in the compound middle lamella and cell corners but is also 

integral part of the matrix of the wood cell wall. The basic monolignols are p-coumaryl alcohol, 

coniferyl alcohol, and sinapyl alcohol. The volume fractions of monomers of lignin in softwood 

and hardwood are different. The softwood lignin consists mainly of guajacyl units, while 

hardwood consist of guajacyl and syringyl units. 
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Figure 8. Chemical composition of wood at the molecular level. 

3.1.2 Wood-based functional materials 

Despite its sophisticated hierarchical structure based on cellulose fibrils embedded in a 

compliant matrix of lignin and hemicelluloses, wood was not considered as a material to be 

used in high tech applications in the past. Traditional wood modification approaches were 

mainly focused on diminishing the influence of the intrinsic drawbacks of wood (e.g. 

dimensional instability, fungal decay and flammability),31 comprising chemical modification, 

surface modification, thermal modification and impregnation treatments. Among these, a few 

processes such as acetylation, furfurylation and thermal treatment have been commercialized 

and are used at large scale.32  

In recent years, intensive research regarding the functionalization of wood has been performed 

including in situ polymerization9, mineralization33 and metallization34 in order to introduce new 

functionalities for new wood applications. In these functionalization approaches, additional 

functional groups or varieties of components are introduced into wood. These chemical 

modifications enable to alter the wood structure at the cell wall level and the location of the 

additives can be either on the surface or inside the cell walls and/or lumina (Figure 9). In 
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addition, the interface between wood and added materials plays an essential roles in altering the 

properties and functions of chemically modified wood. Following this approach, several 

research studies have been conducted, such as in situ formations of colloidal iron oxide particles 

in the cell lumina for magnetic wood35 or the insertion of calcium carbonate into the cell wall 

for flame retardancy36. In addition, a multitude of different polymerization techniques has been 

adapted for the modification of wood. Polymer functionalization approaches offer a versatile 

and modular toolbox for the modification of wood as it is possible to tune the final properties 

of the material by using a suitable functional monomer. In this respect, temperature and pH 

stimuli-responsive wood as well as conductive wood was obtained.37 

 

Figure 9. Chemical modification strategies of wood materials, including lumen filling, inner 

coating, functional group grafting, and cell wall filling.26 

At the same time, wood has raised increasing attention in materials science due to the driving 

need of developing functional materials, which are derived from renewable resources. This is 

crucial for the transformation towards a sustainable society and to reduce the pressure of 

resource shortage and anthropogenic environmental deteriorations21. In particular, wood as an 

abundant renewable resource, equipped with a porous hierarchical structure and anisotropy, can 

serve as a natural template for the development of new types of functional hybrid materials, 

opening the path for new wood applications. In this regard exemplarily, wood for water 

treatment, energy storage, or solar steam generators has been developed as a potential 

replacement for non-renewable materials (as shown in Figure 10).21-24 Due to the pre-fabricated 

hierarchical structure of wood up scaling of functionalization is eased, which is a powerful 

alternative to bottom-up approaches, e.g. nanocellulose.38,39  

More energy and environmental-related functional wood materials can be explored, such as gas 

adsorption and separation, mechanical energy harvesting, and hydrogen generation. The use of 

inorganic materials, such as MOFs, which have been widely developed in various applications, 

are a promising approach to realize such emerging functional materials. 
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Figure 10. Emerging applications of wood-based functionalized materials.25 

3.2. Metal-organic frameworks (MOFs) 

Metal-organic frameworks (MOFs) also called porous coordination polymers (PCPs), are two- 

or three-dimensional porous crystalline materials with infinite lattices. They are synthesized 

from secondary building units, metal cations salts or clusters, and polydentate organic ligands.40 

The combination of various metal clusters and ligands arranged in a vast array of geometries 

has led to an expanding MOF family.41 MOFs have a large surface area and ultrahigh porosity. 

The Brunauer-Emmett-Teller (BET) surface area of MOFs typically ranges between 1000 and 

10,000 m2 g-1 and the porosity of MOFs is larger than 50% of the MOF crystal volume. These 

aspects make MOFs different from conventional porous materials such as carbon and zeolites.42 

Due to the benefits of well-defined pores, flexible geometry, tunable crystal sizes, and 

functionalities, MOFs have significantly expanded applications, such as gas storage and 

separation,43 triboelectric nanogeneration,44 catalysis,45 sensing,6 and energy storage.46  

3.2.1 MOFs’ structure 

To understand the structure of MOFs, we use MOF-5, one of the first MOFs to be rugged 

enough for practical use, as an example (Figure 11). It is a cubic building block formed by 

linking eight metallic nodes with carbon-based struts.47 MOF mainly comprises three parts: 1) 

an organic moiety composed of a rigid organic backbone with two or more moieties capable of 

coordinating metallic cations; 2) an inorganic part composed of either a cation, a metal-oxo 

cluster or a metal-oxo chain; and 3) a well-defined pore, which has an architecture defined by 

the coordination between the organic and inorganic moieties.48 The final structure design, 

functionality, and application of MOFs are contributed from various factors, such as the linker 
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design, linker chelation, binding affinity, number of open metal sites on the clusters, strength 

of the metal-organic bond, and the symmetry of the moiety.41  

 

Figure 11. The building blocks of MOF-5 are cubes formed by linking together eight metallic 

nodes with carbon-based struts.47 

Considering the water, thermal, chemical, and mechanical stability, the synthesis difficulty, and 

the price, the MOFs used for fabricating MOF-based composites mainly focus on some “star” 

MOFs. For example: MOF-199 (or named Cu-BTC or HKUST-1),49,50 ZIF (Zeolitic imidazolate 

framework) family (e.g., ZIF-8, ZIF-9, ZIF-12, ZIF-67, and ZIF-90),18,51-53 MIL (Materials 

Institute Lavoisier) series (e.g., MIL-53(Al), MIL-101(Fe), MIL-88B(Fe)),54-56 and Zr-based 

MOFs (e.g., UiO-66 and UiO-67).57 Here we introduce ZIF-8, MOF-199, and UiO-66 in detail, 

which are used in this study (Figure 12). 

(a) ZIF-8 

Zeolitic imidazole frameworks (ZIFs), a sub-family of MOFs consist of M-Im-M (where M 

stands for Zn, Co cation and Im stands for the imidazolate linker). Typically, the Zn2+ ions and 

the imidazolate anions form bridges with the metal-imidazole-metal angle of ~145°.58 ZIF-8 is 

one type of ZIFs, composed of Zn2+ ions and 2-methylimidazole (2-MeIm), exhibiting a 

sodalite-type structure illustrated in Figure 12a. The diameter of the micropores in the center 

of ZIF-8 is 11.6 Å. This pore is accessible through small apertures with a diameter of 3.4 Å.59 

The synthesis methods of ZIF-8 reported include solvent-based synthesis methods and solvent-

free synthesis methods. When using solvothermal synthesis approaches to synthesize ZIF-8, 

methanol is an important organic solvent widely used. However, it is not environmentally 

friendly. Hence, Pan et al. realized for the first time to prepare ZIF-8 in an aqueous system at 

room temperature via a simple procedure.60 Due to advantages of ZIF-8 in terms of ultrahigh 
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surface area, unimodal micropores, high crystallinities, abundant functionalities and 

exceptional thermal and chemical stabilities, ZIFs are widely used in various applications, such 

as gas adsorption and separation, water treatments, triboelectric nanogeneration, and so on.44,61 

(b) MOF-199 

MOF-199, also called Cu-BTC or HKUST-1, is an important crystalline nanoporous MOF, first 

reported by S.-Y. Chui et al. (1999) from Hong Kong University of Science and Technology.62 

MOF-199 is made of copper nodes with 1,3,5-benzenetricarboxylic acid struts between them 

(Figure 12b). It exhibits a unique turquoise-blue color because of the existence of copper. Due 

to its easy synthesis and the presence of open metal sites, it has been widely used in a variety 

of areas including gas storage and purification.63,64 

 

Figure 12. The crystalline structure of (a) ZIF-8, (b) MOF-199, and (c) UiO-66. The sphere 

represents the pore size within the framework. The figures are obtained via the COD 

(Crystallography Open Database) 

(c) UiO-66 

UiO-66 (UiO represents Norwegian Universitetet i Oslo), is mainly made of zirconium at the 

metal center (Figure 12c) and various organic linker molecules used to connect the metal nodes, 

in which, the most widely used is terephthalic acid. Its derivatives, such as 2-aminoterephthalic 

acid can also be used to build NH2-UiO-66. The additional functional group (NH2-) is not used 

to build the scaffold structure but for enhancing the affinity between MOF and wood via the 

hydrogen bonds formed between the amine groups and the hydroxyl groups of wood 

macromolecules. Benefiting from the strong coordination bonds between the hard-acid-hard-

base interactions of the Zr(IV) atoms and carboxylate oxygens, the UiO-66 exhibits exceptional 

chemical and thermal stability, as well as excellent water stability.65 Hence, it has been widely 

used for water-based applications, such as water desalination and water purification.66 In 

addition, because of the extraordinarily high surface area, well-defined pore structure, and high 

porosity, UiO-66 is able to stabilize metal nanoparticles while maintaining the accessibility for 
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reagents.67 Hence, bimetallic AgPd/UiO-66 hybrid catalysts have been explored for catalytic 

hydrolysis of ammonia borane,68 dehydrogenation of formic acid,69 propylene glycol oxidation 

into lactic acid.70 

3.2.2 MOFs’ applications  

The unique structure of MOFs equips them with a large surface area and high porosity. Hence, 

they have been used for various applications, such as gas adsorption, storage, and separation, 

liquid purification, catalysis, as well as drug delivery, chemical sensor.2,6,71 Except these, many 

promising applications are explored, such as energy harvesting and hydrogen evolution.9,45 A 

brief introduction, focusing on the application examples in the thesis, is provided in the 

following. 

(a) Gas adsorption and separation  

Adsorptive separation with porous materials is a promising technology for reducing separation 

energy consumption. Compared with traditional gas adsorption materials, such as zeolites, 

alumina, and ceramics, MOFs are of interest owing to the following characteristics: (1) a high 

degree of design: To synthesize MOFs with diverse topologies, a wide range of linkers and 

metal ions can be used. The obtained MOFs can be further chemically modified using a post-

synthetic modification technique to adjust the pore sizes and inner surface properties. (2) High 

porosity. When compared to the same mass loading of conventional materials, MOFs exhibit 

better performance due to their higher pore volume and lower density.13 The sum of the 

adsorbate-adsorbate and adsorbate-adsorbent interaction potentials is the interaction potential 

energy of gas adsorption in the interior of porous materials. Adsorptive separation of gas 

mixtures is based on the difference in their interaction potentials with the pore surface, which 

are accumulative. Furthermore, until a certain threshold, only tiny and proper-shaped gas 

molecules may diffuse into porous materials, while all other gases are rejected, allowing for 

molecular sieving.72 The most frequently reported MOFs for CO2 selectivity over N2 are Cu-

BTC, IRMOF-1, IRMOF-10, ZIF-78, ZIF-8.73,74    

(b) Energy harvesting 

Because of rising environmental awareness and considerable technological breakthroughs, 

there is a growing market for electronics based on the utilization of clean and abundant energy. 

Hence, solar, wind, water, and mechanical energy are exploited. The triboelectric generator 

(TENG) is an energy harvesting device that can convert external mechanical energy into 

electricity. It is constructed by stacking two thin organic/inorganic films that exhibit opposite 
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tribo-polarity and depositing metal films on the top and bottom of the assembled structure.75 

Almost all known materials exhibit the triboelectrification effect, from metal to polymer, silk, 

and wood, which all can be used to make TENGs. In which, native wood is close to 

electroneutrality. The polarity of the materials, the ability of a material to gain or lose electrons, 

are important to the TENGs performance.76   

Khandelwal et al. (2019) were the first to report ZIF-8-based TENG for self-powered system 

and sensor applications,.44 In the following year, they developed TENGs based on the ZIF 

subfamily materials (ZIF-7, ZIF-9, ZIF-11, ZIF-12, and ZIF-62). However, these ZIF subfamily 

materials show worse electric performance than ZIF-8.9,77 Except these, biodegradable MOF 

(MIL-88A) and humidity-resistive MOF (HKUST-1) have also been utilized to build 

TENGs.78,79  

(c) Hydrogen generation  

Green hydrogen is considered as one the most promising alternative energy carriers for meeting 

the growing demand for a clean and sustainable energy source. Intense studies have been 

conducted related to using MOFs for various hydrogen generation techniques.45 In addition to 

the pristine form, MOFs can also be used as supporting frameworks and precursor materials for 

electrocatalytic, photocatalytic, and chemocatalytic hydrogen evolution reactions. Compared 

with energy intensive electrocatalytic process and extremely strict requirements needed for 

photocatalytic processes, chemocatalytic hydrogen evolution reactions might be an alternative 

option. Hydrogen can generate through chemocatalytic decomposition of hydrogen precursors, 

such as ammonia borane, hydrazine monohydrate, and sodium borohydride via suitable 

catalysts.45,80 Ammonia borane is a hydrogen storage material with great potential since its high 

gravimetric capacity of hydrogen (19.6 wt.%), water-solubility, safe handling, and 

transportation in the dry state, nontoxicity, and chemical stability.81 The catalysts can be 

prepared by loading active metal nanoparticles on MOFs. For example, AgPd/UiO-66, 

AuCo/MIL-101, and CuCo/MIL-101 are prepared for hydrolysis from ammonia borane for 

hydrogen generation. The catalytic activity of metal alloy can be enhanced by MOF because of 

the avoidance of metal aggregation.68,82,83  

3.2.3 Limitations of MOFs 

MOFs are brittle because of their crystal and powder characteristics. Their processability and 

handling can be a substantial problem, limiting their applicability.84 One possible option is to 

integrate MOFs onto or into diverse substrates using polymers85, silica86 or carbon87 as a support. 

Considering the environmental issue, cellulose, as the most abundant biopolymer on the earth, 
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with biodegradability, renewability, and a high number of reactive groups, represents as ideal 

support. A review in chapter 4.1 describes the fabrication and applications of MOF/cellulose 

composites in detail. 

However, the most widely used methods for fabricating porous MOF-containing cellulose 

composites are bottom-up methods, such as the spinning process, casting, filtration, freeze-

drying, and 3D printing.15-19 Even though these techniques enable composites with sufficient 

porosity, they are often characterized by weak mechanical properties. By contrary, using wood 

with a hierarchical structure and good mechanical performance as MOFs supports is a 

promising option. However, the interface chemistry between MOFs and substrates needs to be 

improved and difficulties such as non-controllable spatial distribution of MOFs, poor contact 

between MOF crystals and substrates, and aggregation of MOF particles within the substrates 

should be addressed. 

3.3 Characterization methods  

A thorough and detailed characterization of MOF/wood composites is necessary because it 

allows for a better understanding of the composites’ structural, physical, and chemical 

properties, all of which are important in understanding the structure-property-function 

relationships of the final composites.  

3.3.1 Physical characterization  

(a) Structural characterization 

In general, the morphology and localization of the introduced MOFs within/on the wood are 

characterized using various microscopies, including optical microscopy, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), high-angle annular dark field-

scanning transmission electron microscopy (HAADF-STEM), atomic force microscopy (AFM), 

and optical profilometry. They are selected according to the length scale of interest. For example, 

SEM is better for studying wood's surface morphology with limited to 1 nm resolution, while 

TEM can provide more details about surface irregularities and internal anatomy with up to 0.1 

nm resolution.88 STEM has an atomic resolution of 0.2 nm and under, which can be used to 

check the metal distribution within MOF crystals.89 AFM can be effectively used to visualize 

cell wall layer changes and provides roughness information with a nanometric resolution. 

Optical profilometry is also a technique aimed at getting surface morphology, step heights, and 

surface roughness. It is based on the reflection of a luminous signal on a surface and allows the 
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topography of that same surface to be observed throughout a wide variety of  measurement 

ranges, from a few dozens of µm² to a few mm². 

(b) Porosity characterization 

For hierarchical structure analysis, investigations of porosity and surface area is also important, 

which can be conducted using argon (Ar) sorption and mercury intrusion porosimetry. Ar 

adsorption allows for the evaluation of micropores (pore width < 2 nm), mesopores (pore width: 

2–50 nm), and even macropores (pore width > 50 nm). In addition to Ar sorption, mercury 

porosimetry is more relevant for larger nanopores and macropores up to 400 µm. Hence, the 

combination of these two techniques allows rather comprehensive information on the pore size 

distribution.90 

3.3.2 Chemical characterization 

Furthermore, changes in the chemistry and composition of the wood materials before and after 

functionalization are investigated using Fourier transform infrared (FTIR) spectroscopy, X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), inductively‑coupled plasma 

optical emission spectroscopy (ICP-OES), energy‑dispersive X-ray spectroscopy (EDX), 

wavelength‑dispersive spectroscopy (WDS), and zeta potential.  

FTIR can evaluate the functional groups' changes on wood before and after modification. XRD 

is a principal method for determining the crystal structure of MOFs and confirming the 

existence of the MOFs synthesized on wood.  

The EDX and WDS attached on SEM instruments as well as the EDX system attached on TEM 

instruments are all used for confirming the distribution of the MOF nanoparticles within the 

wood in different scales, but compared with EDX, WDS is better at distinguishing the elements 

of silver and palladium, which have similar X-ray energy.  

ICP-OES can measure the metal content within the MOF/wood composites and assuming the 

MOF loading according to the stoichiometric composition of MOF.  

The net surface charge (zeta potential) of wood before and after modification can be assessed 

by streaming potential measurements using SurPASS Electrokinetic Analyzer (Anton Paar).  

3.3.3 Characterization of functionality 

In this study, we fabricated different MOF/wood composites toward three main applications, 

CO2 adsorption, mechanical energy harvesting, and hydrogen generation from ammonia borane.  
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CO2 adsorption ability is performed by recording adsorption isotherms of CO2 at 0°C using a 

Micromeritics 3Flex Analyzer. Prior to the measurements, it needs an evacuation of the samples 

at 90°C for 48 h. It was used in chapter 4.2. 

A sophisticated testing system was built by my colleague Jianguo Sun to analyze the electric 

output of the samples (Figure 13a).91 It was used in chapter 4.3. To apply constant pressure to 

the samples, a linear motor (PL01-28x500/420) was used. A loading cell (50N) was also put on 

the stiff frame of the motor to detect the pressure applied on the samples at the same time. 

Finally, the electrical output of wood materials were measured by Keithley 6514 equipped with 

Matlab software. 

The performance of wood-based catalysts for continuous hydrogen generation from ammonia 

borane was evaluated using the setup shown in Figure 13b and used in chapter 4.4. It was 

originally designed by my former colleague, Dr. Selin Vitas in her research on the flow-through 

behavior of wood-based membranes as colloidal particle filters. Then it was slightly adjusted 

by Dr. Christian Goldhahn, which allowed for measurements of the biocatalytic membrane 

reactor’s efficiency.92,93 The setup used in this study was further optimized with additional 

adaptations. The ammonia borane solution can flow through wood pellet(s) under a constant 

speed controlled using a calibrated peristaltic pump to generate hydrogen by the catalytic 

hydrolysis. The displacement of water in the gas burette was used to track the volume of the 

evolved gas. 

 

Figure 13. (a) Setup of electrical output measurement (Linear Motor PL01-28x500/420). A 

loading cell (Model 31E mid) with ranges up to 50N is shown in the inset.91 (b) Schematic 

figure of the hydrogen generation setup for wood based catalysts in continuous flow.  
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Abstract 

Metal-organic frameworks (MOFs) are one of the most attractive functional porous materials. 

However, their processability and handling remains a substantial issue, because MOFs are 

generally in powder form due to their crystalline nature. Integrating MOFs into cellulose 

substrates to produce engineered materials offers an ideal solution to broaden the utilization of 

such functional materials. MOF/cellulose composites provide remarkable mechanical 

properties, tunable porosity, and accessible active sites of MOFs. In this review, we summarize 

current state-of-the-art fabrication routes for MOF/cellulose composites, with a specific focus 

on the unique potential of utilizing three-dimensional bio-based cellulosic scaffolds. We 

highlight their utilization as adsorbents in the gas and liquid phase, for antibacterial and protein 

immobilization, chemical sensors, and electrical energy storage. In addition, we include current 

limitations and provide potential future research directions in the field of MOF/cellulose 

composites for advanced functional materials.  

1. Introduction 

Metal-organic frameworks (MOFs) are a class of crystallized porous functional materials formed by the 

coordination of metal ions/clusters and organic bridging ligands.1,2 Their structures can be specifically 

designed according to the targeted functionality by choosing the organic linkers’ geometries and 

coordination modes of the inorganic metal ions.3 Their key structural features are an ultrahigh porosity 

(up to 90% free volume) and a large internal surface area, extending even beyond a Langmuir surface 

area of 10,000 m2 g-1. These properties are crucial for  applications, such as gas storage and separation,4,5 

water treatment,6 sensing,7 catalysis,8,9 water harvesting,10 energy production,11,12 and drug delivery.13,14 

However, there occurs one major drawback when it comes to the application of MOFs. Their powder 

morphology impedes processability and handling.15 Hence, the integration and combination of MOFs 

with polymeric substrates is the method of choice to obtain durable advanced functional MOF 

materials.16  

MOFs have been deposited or grown on/within various polymeric substrates resulting in MOF/polymer 

composites with hierarchical porosity and complex multi-layered networks.16 These have been 

successfully utilized for water purification, nano-filtration, gas adsorption and separation applications.17  

Nevertheless, the primarily use of non-renewable synthetic polymers derived from petrochemical 

products drove the need for more sustainable substrate systems. Alternatives comprise, biopolymers 

such as cellulose, cyclodextrin, chitin, chitosan, alginate, agarose, and heparin.18,19 In particular, 

cellulose is highly  attractive as it represents one of the most abundant biopolymers on Earth, which is 

easily obtainable from plant cell walls.20 Owing to its biodegradability, biocompatibility, renewability, 

and low-cost, cellulose provides a sustainable material platform for preparing functional materials, 

which has been widely demonstrated in materials for water treatment,21 sensing,22 antibacterial 



  

25 

applications,23 and energy storage.24,25 Cellulose possesses excellent mechanical properties and tunable 

chemistry, attracting a great deal of attention for the fabrication of MOF composites.26-29  

The cellulosic materials for MOF/cellulose composites can be of different morphology and chemistry 

and the cellulosic materials morphology (fibrillated cellulose or cellulose scaffolds), determines the 

corresponding fabrication routes for the structured MOF/cellulose composites. The first approach 

comprises the preparation of MOF/cellulose fibers by depositing MOFs on fibrillated cellulose via ex-

situ methods or in-situ methods. Then the MOF/cellulose fibers can be further processed into membranes 

or more advanced material structures with tunable pore size using various bottom-up fabrication 

strategies such as spinning, casting, filtration, freeze-drying, and three-dimensional (3D) printing. A 

novel approach is the direct utilization of 3D cellulose/bio-based scaffolds. Here, one profits from the 

hierarchical structure of biomaterials and avoids extra processing steps.  

In this review, we summarize current routes for preparing MOF/cellulose composites, including raw 

materials preparation, cellulose pretreatments, MOF/cellulose composites preparation (Figure 1). We 

put a specific focus on recent works and potential of utilizing 3D cellulose/bio-based scaffolds as starting 

materials for MOF/cellulose composites. In addition, we highlight applications of MOF/cellulose 

composites in gas adsorption and separation, wastewater treatment, antibacterial applications, protein 

immobilization, chemical sensors, and electrical energy storage. At the end, we address current major 

limitations, challenges, and future prospects.  

 

Figure 1 Schematic of main fabrication steps and applications of cellulose/MOF composites. 

 

2. Preparation of MOF/cellulose composites 

The preparation of MOF/cellulose composites is a multistep process that necessitates careful tuning of 

each individual step. It comprises three main steps: raw materials preparation, cellulose pretreatment, 

and MOF/cellulose composites preparation. 

2.1 Raw materials preparation 
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The chosen raw components determine the composites materials preparation process. For example, the 

starting cellulose materials morphology, fibrillated cellulose or cellulose scaffolds, decides whether a 

processing step is needed or not. For the MOF synthesis, one has the option to either directly utilize pre-

synthesized MOF crystals (ex-situ) or to use MOF precursors for in-situ synthesis methods. In the 

following we provide a brief overview on the various sorts of raw materials that can be employed.  

2.1.1 Cellulose  

The starting cellulose material for MOF/cellulose composites can be either fibrillated cellulose or 3D 

cellulose scaffolds (Figure 2) and is derived from sources such as trees, plants, and bacteria. Fibrillated 

cellulosic materials include fibers, microfibrils/nanofibrils, nanocrystals, and bacterial cellulose and 

they primarily differ in their morphology (e.g. dimensions and shape) (Figure 2a).30,31  

3D cellulose scaffolds can be natural 3D cellulose scaffolds obtained from natural materials 

characterized by a sophisticated hierarchical cellular structure, pronounced anisotropy, and good 

mechanical performance, such as wood, bamboo, and corncob;32-34  or artificial 3D cellulose scaffolds 

based on fibrillated cellulose materials which are fabricated using bottom-up methods, such as aerogels, 

cellulose paper, and fabrics (Figure 2b).31,35-38  

Natural cellulose scaffolds and artificial scaffolds mainly differ in terms of their specific surface area, 

pore structure, and mechanical properties. The avoidance of time-consuming and energy-intensive 

processing steps, as well as the superior mechanical performance makes natural 3D cellulose scaffolds 

an ideal support material for MOFs. 

2.1.2 MOFs  

Despite the substantial number of developed MOFs, applicable MOFs for MOF/ cellulose composites 

are restricted to several main MOF families, considering the required water, thermal, chemical, and 

mechanical stability, facile synthesis condition, and cost.  

Possible MOFs are MOF-199 (named Cu-BTC or HKUST-1),39-41 the ZIF (Zeolitic imidazolate 

framework) family (e.g., ZIF-8, ZIF-9, ZIF-12, ZIF-62, ZIF-67, and ZIF-90),37,42-45  the MIL (Materials 

Institute Lavoisier) series (e.g., MIL-53(Al), MIL-101(Fe), MIL-88B(Fe)),46-48 and Zr-based MOFs (e.g., 

UiO-66 and UiO-67).49  

Pre-prepared MOF crystals can be directly used for MOF/cellulose composites via ex-situ synthesis 

methods. Especially, in the case of elevated MOF synthesis temperatures, using MOF crystals as starting 

materials is preferable to avoid degradation of the lignocellulosic materials (such as wood) constituents. 

The constituents of lignocellulosic materials have different decomposition temperatures: cellulose 

around 315°C, hemicellulose 220°C, and lignin 160°C.50  

On the other hand, using MOF precursors (metal ions and organic ligands) as starting materials allows 

to prepare MOF/cellulose composites via in-situ synthesis methods (section 2.3.2), which can avoid 

MOF particle aggregation and ensures a uniform distribution of MOFs on cellulose substrates. 
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Figure 2 Examples of a) fibrillated cellulose including cellulose fibers,51 cellulose nanofibers (CNFs),52 

cellulose nanocrystals,51 and bacterial cellulose53 and b) cellulose scaffolds including natural materials 

(wood and bamboo) and processed materials (aerogel54 and cellulose paper) used for preparing 

MOF/cellulose composites. c) Chemical structure of cellulose and its derivatives 

 

2.2 Cellulose Pretreatment  

A high interfacial affinity between the MOFs and cellulose is crucial to avoid the leakage of MOFs from 

the cellulose substrates. Hence, for a better interaction between MOFs and cellulose, and to promote 

compatibility between MOFs and cellulose substrates, chemical pretreatments of cellulose are required 

before the MOF/cellulose composites preparation. For that purpose, the cellulose is chemically modified, 

including adjusting cellulose charging, increasing the accessibility of the hydroxyl group, and adding 

functional groups, as summarized in Table 1.  

2.2.1 Adjustment of cellulose charging 

Changing the natural cellulose charging from neutral/slightly negative into a negative charge enables 

pronounced interactions between the obtained negatively charged cellulose and the positively charged 

metal cations of MOFs and form the nucleation site for MOFs. The MOF loading typically rises with 

the number of crystallization nucleation sites.55-57 Common methods for adjusting the charging comprise 

2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation, carboxymethylation, and the 

incorporation of anionic sulfonate moieties.  

TEMPO oxidation converts the C6 hydroxymethyl group of cellulose into carboxylate groups and equips 

the cellulose surface with a high density of negative charges.23 For example, Matsumoto et al. (2016) 

utilized TEMPO-oxidized CNFs (TOCNFs) to prepare cellulose/ZIF-90 film.37              

Alternatively, carboxymethylation is also capable of adjusting the cellulose surface charge. The common 

sodium chloroacetate treatment in the presence of sodium hydroxide converts the –OH groups to 

negatively charged –CH2COO- group 58 A rather specific case arises when native wood is utilized, as in 

that case wood itself possesses inherent carboxyl groups, which can be converted to a carboxylate groups 

by a simple sodium hydroxide treatment.59,60 The carboxylate groups on the cellulose surface assist the 

initial coordination of metal ions by ion-exchange and facilitate the growth of MOFs.61 Meanwhile, the 
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metal center atoms in MOFs can establish coordination bonds with the carboxylate groups of the anionic 

cellulose and form electrostatic interactions between cellulose and MOF, which then stabilize MOF 

crystals on the cellulose surface.2,62  

As third option, cellulose equipped with a large number of anionic sulfonate moieties, obtained using 

free-radical polymerization of sodium p-styrene sulfonate in the presence of acryloyl group-modified  

cellulose, can uptake and exchange metal cations, and supply adequate anchoring sites for MOF 

growth.63,64  

Commercially available cellulose derivatives with negative charges, such as carboxymethyl cellulose,65  

cellulose acetate,66-68 and TOCNFs,69 are also widely used for the preparation of MOF/cellulose 

composites (Figure 2c). 

2.2.2 Increasing the accessibility of the cellulose hydroxyl groups 

The accessibility of cellulose hydroxyl groups is limited due to strong inter- and intramolecular 

hydrogen bonds and van der Waals forces, which limits the fibers reactivity. It can be enhanced by 

simple dissolving cellulose in alkaline/urea solutions or by adding inorganic fillers.70,71 For example, 

cotton linter pulps were pretreated by dissolving in NaOH/urea,43 or NaOH/thiourea aqueous solutions72 

at low temperature before growth of MOF.43,73 Yang et al. (2017) added precipitated calcium carbonate 

(PPC) to cellulose pulp as a filler to decrease the inter-fiber hydrogen bonds, making more hydroxyl 

groups available for the formation of ester functions with the MOF organic ligand.74 Due to the increase 

of active sites, the corresponding MOF loading and surface area of the MOF/paper composites increased 

accordingly.  

2.2.3 Adding functional groups 

By reacting with cellulose hydroxyl groups, functional groups such as amine groups, catechol groups, 

and epoxy groups can be introduced. These functional groups can form either hydrogen bonds with the 

metal moieties of MOFs or covalent bonds with the organic part of MOFs, facilitating the MOF 

nucleation, deposition and growth. For example, catechol moieties of a polydopamine (PDA) modified 

cellulose surface can bind strongly to a variety of metal ions, facilitating the formation of MOF 

crystals.42,75,76 The modification of cellulose with 3-glycidyloxypropyltrimethoxysilane (GPTMS) 

incorporates epoxy groups that can form covalent bonds with the amino moieties of specific MOF 

organic linkers.38,77  
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Table 1. Summary of methods and chemicals used for cellulose pretreatment 

 

2.3 Synthesis of MOF/cellulose composites  

After the initial chemical modification of the cellulose material, MOF crystals can be deposited via ex- 

situ growth approaches (direct mixing and immersion coating) or in-situ growth approaches (one-pot 

synthesis, stepwise in situ growth, and layer-by-layer growth) which are explained in more detail in the 

following.  

2.3.1 Ex-situ growth methods 

Ex-situ growth methods imply that MOF crystals are synthesized before the fabrication of 

MOF/cellulose composites and include two main approaches.  

In the case of fibrillated cellulose direct mixing is the method of choice whereas for cellulose scaffolds 

immersion coating is typically utilized (Figure 3). The main advantage of ex-situ growth methods 

compared to in-situ growth methods is the controllable MOF loading. Except that, using pre-prepared 

MOF crystals avoids possible harsh MOF synthesis conditions during composites formation, for 

example synthesis temperatures being higher than the degradation temperature of the lignocellulosic 

Pretreatment Method Cellulose Materials Chemicals Ref. 

Adjust charging 

 

TEMPO-mediated 

oxidation 

Cellulose (nano)fiber,  

spruce pulp, corncobs 
TEMPO, NaClO and NaBr 34,78-82 

Hydrogen peroxide 

oxidation 
Cotton 

H2O2, sodium silicate and sodium 

hydroxide 

83 

Carboxymethylation 

Filter paper, cellulose 

fabrics, cotton fibers,  

lignocellulosic fibers, 

cellulose acetate 

Sodium chloroacetate and  NaOH 

2,39,55,57,58

,61,84-86 

Wood NaOH 59 

Introducing  anionic  

sulfonate 
Cellulose acetate 

Sodium p-styrene sulfonate and 

ammonium persulfate 

63 

Increasing the 

accessibility of the 

hydroxyl group 

Dissolve cellulose Cotton linter NaOH/urea/H2O 43,87 

Adding filler Cellulose pulp 
Precipitated calcium carbonate 

(PCC) 

74 

Adding functional 

group 

Catechol group 
Cotton, bacterial 

cellulose 

Dopamine hydrochloride, and 

tris(hydroxymethyl)aminomethane 

42,88,89 

Epoxy group 
Cotton fabric, and linen, 

CNFs  
3-Glycidoxypropyltrimethoxysilane 38,77 
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constituents. This approach, however, suffers from MOF particle aggregation and uneven distribution 

within composites. 

a) Direct mixing 

Direct mixing uses pre-prepared MOF powders- or suspensions as starting materials and mixes them 

with fibrillated cellulose (Figure 3a). It enables a high and controllable MOF loading. To avoid 

aggregation and precipitation of cellulose and MOFs, especially at high MOF loadings, ultrasonic and 

stirring processes are of significant importance during mixing. Cellulose pretreatments before the 

mixing stages help to increase the affinity and compatibility of cellulose and MOF powders. The 

obtained MOF/cellulose blends are easily processable into engineered constructs in subsequent steps. 

Based on this method, Zhu et al. (2016) prepared hybrid MOF/cellulose aerogels by mixing MOF 

nanoparticles, such as ZIF-8, UiO-66, and MIL-101(Fe) with aldehyde and hydrazide modified cellulose 

nanocrystals and assembled them into covalently cross-linked clusters (Figure 3b and c).90 The 

prepared aerogels possessed a hierarchical porous structure with controllable MOF loadings of up to 50 

wt%.  

b) Immersion coating 

Immersion coating involves submerging a cellulose scaffold in a solution containing MOF nanoparticles 

for a set time. (Figure 3d). For example, Cu-BTC MOF/cotton composites were prepared by soaking 

hydrogen peroxide oxidized cotton fabric in a Cu-BTC MOF solution (Figure 3e and f).83 The Cu-BTC 

loading of the composites ranged from 5% to 10%, controlled by the concentration of the Cu-BTC MOF 

solution. Increasing the immersion coating cycles resulted in a higher MOF loading.  

 

Figure 3 Ex situ growth strategies for the preparation of cellulose/MOF composites. a) Direct mixing 

of MOF particles with fibrillated cellulose to obtain MOF/cellulose mixtures prior to processing. b-c) 

SEM images of UiO-66-containing cellulose aerogels prepared using direct mixing method (with 50 wt% 
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UiO-66).90 d) Immersing cellulose scaffolds in MOF dispersion to prepare MOF/cellulose composites. 

e-f) SEM images of Cu-BTC@cotton prepared using immersion coating method.83 

 

2.3.2 In-situ growth methods 

In-situ growth methods are applicable for both fibrillated cellulose and cellulose scaffolds, and one 

distinguishes between one-pot synthesis, stepwise In-situ growth and layer-by-layer method (Figure 4).  

a) One-pot synthesis.  

One-pot synthesis is based on the reaction of MOF precursors and cellulose substrates in one reactor 

(Figure 4a).1 Abdelhameed et al. (2017) compared Cu-BTC/fabric composites using one-pot synthesis 

and immersion coating method. The study revealed that the achieved MOF loadings by one-pot synthesis 

(102.1-110.0 mg g-1) are two times higher than with the immersion coating method.91 Mirkovic et al. 

(2019) also used one-pot synthesis to grow MOF-5 crystals on PDA modified cotton. The MOF-5 

crystals were firmly attached to the cotton fibers and exhibited a stable “necklace” morphology (Figure 

4b and c).88  

b) Stepwise in-situ growth.  

Stepwise in-situ growth relates to the stepwise exposure of the cellulose substrate to the MOF precursors 

(metal ions and organic linkers), as shown in Figure 4d. The metal precursors are first added and forme 

the initial coordination between metal ions and the anionic groups of the pretreated cellulose, followed 

by adding the organic linkers for the MOF nucleation and growth.  

Pinto et al. (2012) utilized a stepwise in-situ growth protocol to grow MOF-199 on carboxymethylated 

cotton.58 The initial addition of copper acetate caused an ion exchange reaction between metal ions and 

carboxylate groups of the anionic cellulosic substrates, resulting in a dense copper ions layer on the 

cellulose surface that acted as nucleation center and anchor point for the formation of MOF-199 crystals. 

As the ion exchange provides the nucleation site for the subsequent growth of the MOF structure, the 

stepwise in-situ growth avoids the aggregation of MOF particles. They also compared the obtained 

results with the one-pot synthesis method and found that stepwise in-situ growth exhibited a higher yield 

of MOF-199 on cellulose.  

c) Layer-by-layer  

For the layer-by-layer synthesis method, the cellulose substrate is immersed in a solution of the metal 

ions, followed by submersion in a solution of the organic ligand (or vice versa), with possible rinsing 

steps in between.92 This method enables a homogeneous morphology and controllable coating thickness 

of MOFs via adjusting the number of growth cycles (Figure 4g). Laurila et al. (2015) reported the in-

situ crystal growth of HKUST-1 on carboxymethylated electrospun CNFs.84 The MOF loading increased 

from 11.8% after 8 synthesis cycles to 38.7% at 32 synthesis cycles (Figure 4h and i).  
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Figure 4  In-situ growth strategies for the preparation of cellulose/MOF composites. a) Schematic of 

one-pot synthesis to prepare MOF/cellulose composites by mixing MOF precursors with fibrillated 

cellulose in one reactor prior to processing. b-c) SEM images of MOF-5 grown on cotton fibers using 

one-pot method.88 d) Schematic of stepwise in-situ growth method to prepare MOF/cellulose composites 

by stepwise exposure of the cellulose substrate with the MOF precursors e) SEM image and f) TEM 

image of MOF/CNFs prepared using stepwise in-situ growth method.93 g) Schematic of using layer-by-

layer method to prepare MOF/cellulose composites and controlling the MOF coating thickness and 

loading by adjusting the number of growth cycles. h-i) SEM images of HKUST-1/CNFs prepared layer-

by-layer method with 8 cycles (h) and 32 cycles (i) respectively.84 

 

2.4 Processing of Cellulose/MOF Composites 

For applications, MOF modified cellulose materials based on fibrillated cellulose need to be processed 

into 2D membranes or 3D porous structures using bottom-up approaches such as spinning, casting, 

filtration, freeze-drying, or 3D printing (Section 2.4.1). In contrast, the direct utilization of natural or 

artificial 3D cellulose scaffolds as support for MOFs avoids these additional processing steps (Section 

2.4.2). 

2.4.1 Bottom-up approaches 
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a) Spinning process 

As a common technique to fabricate cellulose fibers, electrospinning has also been employed for the 

synthesis of MOF/cellulose composites (Figure 5a). First the MOF/cellulose suspension is transferred 

into a syringe for electrospinning, and then processed with a constant rate under a high voltage. The 

electrospun nanofibers are collected on a rotary drum or a grounded collector94 and the fiber mats result 

after vaporization of the solvent.95,96 The technique allows for a simple fabrication of fiber composites 

for a wide variety of MOF/cellulose combinations with a wide range of possible sizes and 

morphologies.97 Moreover, the fiber diameters and the MOF loadings are tunable by varying the 

MOF/cellulose concentration and cellulose to MOF ratio in the initial spinning mixtures.1,96 

b) Casting 

Casting represents a straightforward way to build-up MOF/cellulose mixed matrix membranes (MMMs) 

(Figure 5b).98 First, a MOF/cellulose suspension is poured onto a flat glass substrate or PTFE plate. 

After degassing, solvent evaporation, and drying, the MOF/cellulose membrane is peeled off from the 

flat substrate.99-101 The cellulose fraction in the MMMs serves as the matrix and the MOFs function as 

filler. The composites prepared by casting show good permeability in gas separation, water purification 

and catalytic applications in continuous flow processes.99,101-103  

c) Filtration  

MOF/cellulose membranes fabrication by filtration has gained a lot of interest in recent years (Figure 

5c). During filtration, the solvent of the MOF/cellulose suspension permeate the filtration membrane 

with the aid of a vacuum and after a drying process a  MOF/cellulose membranes with symmetrical 

structures are obtained.104 For example, Xu et al. (2018) developed hierarchical porous and conductive 

nanosheets composed of ZIF-67/cellulose/CNTs for flexible, foldable electronic energy storage devices 

based on filtration.105 The suspension of cellulose, CNTs and ZIF-67 was first collected on a PVDF 

membrane filter and the membrane was received after drying. The thickness is adjustable by the amount 

of ZIF-67, cellulose, and CNTs in the initial mixture. In general, membranes obtained by filtration 

possess good flexibility, permeability, and hierarchical porosity.106 

d) Freeze-drying 

Freeze-drying is the most widely applied way to build up engineered porous MOF/cellulose composites 

(Figure 5d). After freezing the MOF/cellulose gel at a temperature below the freezing point of the liquid 

medium (usually water), the MOF/cellulose aerogel is made by sublimating the frozen small molecular 

solvent using liquid nitrogen freeze-drying techniques.107,108 By altering the freezing speed and 

temperature, the pore morphology and pore distribution within the aerogel can be altered. The obtained 

cellulose/MOF aerogel form a 3D porous network structure, which is cross-linked by physical 

interactions such as van der Waals forces, hydrogen bonds, electronic associations, and chain 

entanglements.78 The porous structure and mechanical properties of the composites depend on various 

key factors, such as MOF/cellulose suspension concentration, cellulose to MOF ratio, and the freezing 
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rate. In MOF/cellulose aerogel, MOFs particularly retain their crystallinity, porosity, and accessibility, 

making them suitable absorbents for water purification and other separation applications.90  

e) 3D printing 

3D Printing has gained popularity in MOF/cellulose composites processing, which includes multi-steps 

including MOF/cellulose ink preparing, objects structure design, and precise producing based on a 

computer-driven digital model in a layer by layer manner (Figure 5e).109 It is a powerful tool for 

MOF/cellulose composites processing, because it offers valuable advantages, such as high 

reproducibility, fabrication of complex geometries, controlled pore structures, tailored directionality, 

low cost, time effectiveness, and up-scalability.110,111 The MOF/cellulose ink used for 3D printing can 

be prepared using the methods mentioned in section 2.1 and 2.2, in which nanocellulose is a carrier 

phase for MOFs. For example, a 3D porous MOF/cellulose composite was obtained by 3D printing of  

a ZIF-8/TOCNF hybrid hydrogel ink, that was synthesized by in-situ growth of ZIF-8 on TOCNF using 

the one-pot synthesis method.112 Shear thinning properties of the hybrid hydrogel inks enable the 3D 

printing of porous scaffolds with high shape fidelity.  

2.4.2 Cellulose scaffolds support 

The use of 3D natural or artificial cellulose scaffolds as a support for MOF particles eliminates the need 

for additional processing after MOF growth on cellulose materials. The MOF/cellulose composites 

obtained using bottom-up methods possess relatively weak mechanical properties compared to the 

MOF/cellulose composite based on natural 3D cellulose scaffolds, such as wood, bamboo, and 

corncob.32-34,59,115-118 Hence, using these robust natural cellulose scaffolds as MOFs supports is a 

promising method. Tu et al. (2020) prepared ZIF-8/wood composites by in-situ growth ZIF-8 on wood 

supports.59,119 The obtained composites demonstrated excellent mechanical properties with 100 MPa of 

compressive strength and 74 MPa of ultimate tensile stress, respectively, which surpass those obtained 

with state-of-the-art polymer-based MOF composites. Wood aerogels prepared by delignification of 

wood materials are also used as substrate to support MOFs, showing an enhanced MOF loading and 

large surface area.82,120,121 However, delignification weakens the mechanical properties of wood, whose 

mechanical properties is similar to the composites prepared by artificial 3D cellulose 

scaffolds.35,82,120,122,123 Those artificial 3D cellulose scaffolds such as aerogel and paper are fabricated 

using bottom-up processing methods prior to the MOF deposition process, but it will lead to less 

homogeneous MOF particle distribution within the composites than those made by in-situ growth MOF 

on cellulose fibers and afterwards processed.87,124,125  
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Figure 5 Bottom- up processing strategies for preparation of cellulose/MOF composites using fibrillated 

cellulose as starting materials: a) spinning,84 b) casting,113 c) filtration,93 d) freeze-drying,114 and e) 3D 

printing.112  

 

3. Applications of MOF/cellulose composites 

Combining MOFs and cellulose substrates to produce engineered materials significantly expands the 

application potential. As described in chapter 2, one can build MOF/cellulose composites in the form of 

aerogels, thin membranes, etc. Because of their hierarchical porosity, high permeability, low MOF 

powder leakage, and easy reusability, 3D porous MOF/cellulose composites have been widely 

investigated as adsorbents in gas and liquid phases, which are discussed in detail in section 3.1.  
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In addition, due to shape flexibility, foldability, and high mechanical stability, MOF/cellulose 

composites can be used for other applications, such as biological applications, chemical sensing, and 

electric energy storage, which are discussed in detail in section 3.2. 

3.1 Adsorbents 

3.1.1 Gas adsorption and separation 

With rapid urbanization and industrialization, air pollution, such as accumulation of harmful gases or 

CO2, has a severe impact on environment, climate, and human health. Therefore, developing gas 

separation and adsorption systems with high absorption capability and selectivity has gained remarkable 

attention. In particular, membrane-based flow through devices possess great potential due to their 

advantages of high mass transfer efficiency, simple operation condition, low energy demand and ease 

of scaling (Figure 6a).79   

The incorporated membranes, as the key element of the flow through devices, are commonly made from 

non-sustainable petroleum-based materials and cause secondary pollution after disposal. Therefore, 

developing environmental-friendly gas-separation membranes is a cutting-edge topic in both material 

and environmental sciences.  

In this regard, cellulose-based materials have drawn considerable interest due to abundant sources, 

degradability, good mechanical strength and processability. In synergy with MOFs, composites with 

excellent absorption capacity and selectivity were developed by various techniques.59,74,79,80,86,96,126-139 

Overall, cellulose derivatives such as cellulose acetate, carboxymethyl cellulose and TEMPO oxidized 

cellulose are most common as matrixes because of their strong affinities for metal cations.37,130 Table 

2 provides a detailed summary of MOF/cellulose composites gas separation systems and their related 

performance.  

3.1.2 Liquid phase sorption 

Water contamination has drawn serious global concerns and is a threat to both human health and 

environment.140 Multiple methods have been explored for the treatment of contaminated water, 

including oxidation-reduction,141,142 precipitation,143 photocatalytic degradation,144,145 adsorption,146 etc. 

Among these methods, adsorption approaches possess advantages, like low cost, high removal rate, easy 

accessibility, as well as low secondary pollution.147 Up to now, applied adsorbents, include carbon 

nanomaterials,148 zeolites,149 clays,150,151 etc. However, the practical application of these absorbents has 

been limited by their weak mechanical strength, low processability and non-sustainability.  

In this regard, cellulose/MOF composites show immense potential for water treatment applications. The 

cellulose substrates equip the composites with good mechanical performance and processability. For 

example, by introducing MOF into cellulose foams, respective composites could achieve the absorption 

of pollutants and release of clean water by a simple immersing/squeezing process (Figure 6b).152 

Moreover, MOF/cellulose composites can also be utilized in membrane-based water filtration systems 
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(Figure 6c).153 In this application scenario, the meso-pores of MOFs enable the absorption of pollutants, 

while the micro-pores of the cellulose substrates allow the water flux.  

Recently wood/MOF composites, were developed for liquid transport applications, profiting from the 

unique characteristics of natural wood, a bio-based, renewable and mechanically robust material, 

composed of well-connected hollow fibers.154,155 MOF/wood composites can be directly utilized as 

freestanding filter in a continuous flow reactor. Guo et al. fabricated UiO-66/wood membranes by in-

situ growth of mesoporous UiO-66 MOFs in the 3D low-tortuosity wood lumina.115 This unique 

structural combination improves the mass transfer of organic pollutants and increases the contact 

probability of organic contaminants with UiO-66 MOFs as the water flows through the membrane, 

thereby improving the removal efficiency. An all-in-one filter device was designed by assembling three 

pieces of the UiO-66/wood membranes for large-scale organic pollutant removal. Importantly, the UiO-

66/wood membrane can be readily regenerated by washing with methanol and can be scaled up by 

adjusting the number of membranes. (Figure 6d).  

Irrespective of the cellulosic scaffold type, the adjustable pore sizes and porosities of MOFs allow the 

treatment of several types of adsorbates, including dyes, heavy metal ions and organic solvents. Table 

3 provides a performance overview of MOF/cellulose composites in waste-water treatment.  

Besides the removal of pollutants from liquids, the controlled release of molecules could also be of the 

interest and there are some studies focusing on the molecule releasing behavior of MOF/cellulose 

composites. 156,157 In a work by Sultan et al., ZIF-8/TOCNF composite has been synthesized as a drug 

molecules release system. It achieved methylene blue and curcumin release in a well-controlled manner 

at acidic pH (5.5) (Figure 6e).112  

 

Figure 6 Applications of MOF/cellulose composites as adsorbents a) Illustration and photograph of an 

apparatus for gas separation tests.79 b) Illustration of the adsorption - squeeze - regeneration process of 
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MOF/cellulose foams for pollutant removal from water. c, d) Common waste water treatment set-up 

using MOF/cellulose composite membranes as filter.115,153 e) Photos of MOF/cellulose-methylene blue 

composite showing the release of methylene blue at different pH values.112 

 

3.2 Other potential applications 

Beyond the above-mentioned major applications, there are also other applications gaining increasing 

attention, for example, anti-bacteria, protein immobilization, chemical sensors, electric energy storage, 

thermal insulation114 and seawater desalination81,101,158. It demonstrates the high functionality and 

flexibility of cellulose/MOF composites to meet various needs and the following sections highlight these 

developments. 

3.2.1 Biological applications 

Benefiting from their biocompatibility and biodegradability, cellulose/MOF composites possess great 

potential in biological fields. One of the most important application in this field is their utilization as 

antibacterial material.40,55,99,113,136,159-165 Antibacterial effects in composites mainly origin from heavy 

metal nanoparticles, for example Zn, Ag, and Cu nanoparticles. The antibacterial effect of 

MOF/cellulose composites can be a result of the MOF metal ions and/or the loading with metal 

nanoparticles within the MOFs.  

ZIF-8, HKUST-1, and Ag-based MOFs were commonly used to prepare antibacterial 

composites.33,40,55,136,161,163,165 Previous works of  HKUST-1/TEMPO oxidized cellulose composites 

reached an E. coil bacterial inactivation efficiency of up to 90%. 165 The disinfection mechanism is based 

on the Cu2+ ions of HKUST-1. The interaction of Cu2+ with the bacteria cell membrane via oxidation of 

membrane proteins and fatty acids or transmembrane potential alterations leads to rupture of membranes 

and cell lysis (Figure 7 a-1).33,55,136,163 

Another intensively studied biological application is protein immobilization. The pore size and structure 

adjustability of MOFs makes them a perfect candidate for immobilization of various proteins, while the 

cellulose mostly serves as the supporting substrate for the MOFs, ensuring the processability and 

biocompatibility of the composites.  

Fu et al reported ZIF-8/fabric composites with excellent protein adsorption ability.2 The composite’s 

porosity increased with a higher loading of ZIF-8, which favors the protein absorption. The cotton fabric 

provides favorable biocompatibility to maintain the bioactivity of enzyme proteins. Furthermore, results 

prove that carboxymethylation treatment of cellulose helps to enhance the protein immobilization ability 

of the cellulose/MOF composites by increasing the loading of MOF (Figure 7 a-2).  

3.2.2 Chemical sensors 

Chemical sensors are of particular interest in environmental and biological systems for the sensitive and 

selective detection of heavy metal ions in liquids, organic toxicants and hazardous gas analyses, which 
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could monitor product quality, facilitate medical diagnostics and guarantee occupational safety.166-171 

Two kinds of chemical sensors based on photoluminescence and electrochemistry have been well 

developed. Both require first the adsorption of analyte molecules onto the surface of the sensors which 

then react to generate a signal for detection. Among the various sensing materials, MOFs, which contain 

electrochemically active metal sites for electrochemical sensors and photoluminescent components like 

inorganic clusters (especially lanthanides) or organic linkers (containing aromatic or conjugated π 

moieties) for photoluminescent sensors, are promising candidates to construct these devices.  

Besides, the high porosity makes them good hosts for reversible adsorption and release of guest 

molecules, and the tunable pore dimensions and the functional sites, including open metal sites or Lewis 

basic/acidic sites with different affinities towards guest molecules, also could contribute to an enhanced 

sensing sensitivity. Nevertheless, the poor flexibility still hinders the application of single-phase MOFs 

as chemical sensors. Introducing MOFs particles to substrate materials is one of the solutions to this 

problem.  

Cellulose serves as a very promising substrate material because of its abundant and renewable properties. 

Moreover, the flexibility of cellulose could adapt to different using scenarios by adjusting cellulose 

sources and processing techniques. Depending on the cellulose source and form of substrate, the 

MOF/cellulose sensors could be divided into three main categories: hydrogel of the sodium salt of 

carboxy methyl cellulose,168 cotton textile,172 and cellulose paper.171 For example, Xu et al proposed an 

effective fluorescence sensor by dispersing methyl red@lanthanide metal-organic frameworks in water-

phase sodium salt of carboxy methyl cellulose (CMC-Na). The hydrogels exhibit a color transition upon 

"smelling" histamine (HI) vapor. This transition and shift in the MR-based emission peak are closely 

related to the HI concentration. Using the HI concentration as the input signal and the two fluorescence 

emissions as output signals, an advanced analytical device based on a one-to-two logic gate was 

constructed (Figure 7b).168  

3.2.3 Electric energy storage 

Because of their high electrical conductivity and large surface areas, conductive metal–organic 

frameworks (c-MOFs) offer a lot of potential in electrochemical energy storage. However, because MOF 

crystals are brittle and insoluble, processing them into desirable nanomaterials with good flexibility and 

high areal capacitance is problematic. As a result, it is critical to develop effective solutions to these 

issues in order to increase the use of MOFs in electric energy storage. One intriguing answer to this 

problem is to embed MOFs into substrates. To date, only a few studies report the fabrication of MOF 

on conductive substrates (e.g., graphene oxide, MoS2 nanosheet, and polycarbonate). Nonetheless, these 

approaches are largely dependent on the surface and structure of the substrates and not suitable for the 

formation of all types of MOFs.  

Meanwhile, MOFs' poor processability makes the fabrication of MOF-based flexible materials more 

difficult. Because of its chemical and physical properties, cellulose is an excellent MOF for 
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electrochemical energy storage. Because of its hydrophilic properties and capacity to swell in water, 

cellulose can also serve as an intrinsic electrolyte reservoir. The electrolyte and diffuse ions in the 

electrolyte can be transferred to electrochemically active materials using the hierarchical porous 

structure generated by crosslinking cellulose fibers. Fabrication of hybrid materials based on MOFs and 

cellulose could combine the advantages of both materials and allow the construction of novel functional 

materials, given their diverse functions and flexibility.44,89,173,174 175 105,172 167,176 

Zhou et al 173 reported the fabrication of c-MOF nanolayers on CNFs. The obtained hybrid nanofibers 

of CNF@c-MOF can be easily constructed into freestanding nanopapers with high electrical 

conductivity of up to 100 S cm–1, hierarchical micromesoporosity, and outstanding mechanical 

properties. Given these advantages, the nanopapers were tested as electrodes in a flexible and foldable 

supercapacitor. The electrodes’ high conductivity and hierarchical porous structure allow for fast charge 

transfer and efficient electrolyte transport. Furthermore, after 10000 continuous charge–discharge cycles, 

the assembled supercapacitor demonstrates high cycle stability with capacitance retentions of >99% 

(Figure 7c). These promising results show that the potential of developing flexible energy storage 

devices based on sustainable cellulose and MOFs.  

 

Figure 7 a) Applications of MOF/Cellulose composite as antibacterial material and for protein 

immobilization. a-1) Schematics of the fabrication of MOF wood composite materials and their 

antibacterial mechanism.33 a-2) Illustration of antibody or enzyme immobilized by MOF on fabric 

substrate. b) MOF/cellulose hydrogel exhibited a color transition upon sensing histamine (HI) vapor and 

the truth table of the logic analytical device for HI monitoring.168 c) Photograph of the CNF@c-MOFs 

double layer supercapacitor device and the LED powered by devices in series under different 

deformations.93 
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4. Conclusion and outlook 

In summary, this review highlights the remarkable advances in the development of both fabrication and 

application of MOF/cellulose composites. However, there are still limitations and challenges that should 

be addressed in the future.  

First, MOF/cellulose composites still face challenges in achieving sufficient mechanical properties at 

high porosity as well as high MOF loadings. The bottom-up processing methods used in preparing 

MOF/cellulose composites lead to sufficient porosity and controllable MOF loading, but limited 

mechanical properties, which could be an obstacle for sorbents to achieve high mass transfer under big 

pressure. Using mechanically robust 3D cellulose scaffolds support can partly solve this problem, still 

challenged by realizing high MOF loadings due to the surface area limitation of the cellulose scaffolds.  

Second, it is complex to maintain high MOFs loading within cellulose scaffolds along with sufficient 

interaction between MOFs and cellulose, to avoid significant leaching of MOFs during usage.  

Enhancing the interaction between MOFs and cellulose is critical for long-term stability of the composite. 

Except for the methods mentioned in this review (surface modification of cellulose), the 

functionalization of MOFs can also be explored. Meanwhile, it may be possible to have post-

modifications using cross-linkers after preparation of MOF/cellulose composites to further enhance the 

interaction of MOFs with cellulose substrates. Figuring out the attachment forces by simulations and 

molecular modeling can indicate the inner structure of a composite and provide important design 

guidelines for high-performance composite synthesis in the future.  

Third, each of the two main components of the composites must be further developed to improve the 

performance and fundamental theory of MOF/cellulose composites. From the perspective of MOFs, the 

MOFs used are restricted to a few well-known types which limits the application scope of the 

MOF/cellulose composites. More efforts should be put on developing controllable, simple, cheap, low 

toxic, and large-scalable MOF synthesis methods as well as improving the water, thermal, chemical 

stability of the MOF crystals. Various promising novel synthetic routes, i.e. electrochemical, 

mechanochemical, microwave, spray drying, and flow chemistry synthesis can be employed for 

MOF/cellulose composites preparation.177 In addition, biodegradation studies of the composites are still 

very limited and should be extended to achieve a closed-loop lifecycle of the MOF/cellulose composites. 

From the perspective of cellulose, we need to develop versatile processing methods to allow large-scale 

fabrication, and at the same time, maintain high porosity and robust mechanical properties.  

In this regard Tu et al. reported a novel microreactor by MOF/wood composites which addressed the 

mentioned challenges.178 This native wood microreactor for continuous hydrogen generation were 

successfully prepared using MOF-functionalized natural wood supports to stabilize metallic palladium 

and silver (Figure 8). The inherent microchannels and mechanical strength of native wood was well-

preserved and served as a perfect substrate of the flow-through microreactor. The interfacial interaction 

between MOF and wood were improved by the amine-containing linker, which further ensured the 

performance and long-term stability of the MOF/wood microreactor.  
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Figure 8 a) The use of wood-based microreactors for the hydrogen generation from ammonia borane in 

flow and b) the hydrogen generation setup.178 

 

Last but not least, new technologies and methods should be explored to characterize MOF/cellulose 

composites, Techniques like X-ray tomography might be useful as one can visualize macro pore 

arrangements as well as MOF crystals distribution within the cellulose substrates by 3D reconstructions 

with the aid of advanced image software. Detailed investigations with high resolution are possible with 

the help of synchrotron radiation facilities. In combination with simulation, the liquid and gas transport 

pathways within the composites can be predicted prior to applying it to real applications. 

Overall, the development of MOF/cellulose composites is still in its infancy, but it shows huge potential 

and provides a springboard for further development.  
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Table 2 Gas separation performance of MOF/cellulose composites 

 

 

Composing materials 

Permeability Selectivity Test conditions Ref. 
Cellulose 

MOFs Other 

materials Types loading 

Cellulose acetate NH2-MIL-

53(Al) 

10-20 wt% / CO2 34.8 

N2 1.2 

CH4 1.1 

CO2/N2 15.8 

CO2/CH4 18.4 

25 °C, 3 bar 129 

Cellulose acetate NH2-MIL-

53(Al) 

15 wt% / CO2 5.15 

N2 0.18 

CH4 0.19 

CO2/N2 12.1 

CO2/CH4 14.7 

25 °C, 3 bar 96 

Cellulose acetate MOF-5 6%-12% / H2 6.08 

CO2 3.19 

H2/CO2 1.91 25°C, 6 bars 179 

TOCNFs ZIF-90 44.2 wt% / CH4 28.3 

CO2 290 

CO2/CH4 123 25°C, 2 bar 126 

TOCNFs UiO-66-NH2 24.4 wt% / CO2 139 CO2/N2 46 25°C, 2 bar 128 

Carboxymethyl cellulose ZIF-L 

nanosheets 

30 wt% / H2 11.8 

CO2 1.1 

N2 0.55 

CH4 0.062 

H2/CO2 9.62 

H2/ N2 17.69 

CO2/CH4 7.25 

N2/CH4 9.62 

25 °C, 1 bar 135 

Pulp from Norwegian 

spruce 

ZIF-L 

nanosheets 

21-50 wt% / no CO2/N2 10.88 25°C 80 

Ethyl cellulose ZIF-8 5-20 wt% GO CO2 203.3 CO2/N2 33.4, 25°C, 2 bar 132 
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Table 3 Liquid-phase absorption performance of MOF/cellulose composites  

Composing materials 

Adsorbate 
Application and 

solution 

Test 

conditio

ns 

Maximum 

adsorption capacity/ 

mg g-1 

Ref. Cellulose MOFs Other 

materials Types loading 

Cellulose aerogel 

(cellulose 

nanocrystals + 

carboxymethylcel

lulose) 

UiO-66/MIL-

100 (Fe)/ZIF-8 

50 wt% / Cr(VI) (10 mg L−1 potassium 

dichromate)/ benzotriazole (200 

mg L-1)/ Rhodamine B (RhB) 

(0.355 mg L-1) 

 

Dye capture, Remove 

ions  

 and Organic 

pollutant absorb 

 

25 °C, 

24h 

39.06 mg g-1 180 

Nanocellulose UiO-66 50 wt%  / Methyl orange (MO)/ methylene 

blue (MB)  

Dye capture / 71.7  mg g-1 49 

Cellulose 

nanofiber 

ZIF-8/ZIF-

67/HKUST-1 

11 wt %−81 

wt % 

/ Rh B (10 mg L-1 aqueous 

solution) 

Dye capture  / 81  mg g-1 78 

TEMPO 

oxidized corncobs 

HKUST-1/ZIF-

8 

0.09 wt% / MO (50 mg L-1) Dye capture 

 

25 °C, 

pH=5 

1.05  mg g-1 165 

Filter paper ZIF-8/ZIF-67 13 wt% (ZIF-8), 

9 wt% (ZIF-67) 

/ Organic dye ( An aqueous 

solution of the 

Organic dye (MO−, MB+, indigo 

carmine, rhodamine 6G, 5 mg L-

1) 

Dye capture 

 

/ ~99%  61 

Cellulose fibers UiO-66-NH2 ∼5.8 wt % / Cr(VI)/ MO (2.5-25 mg L-1 

aqueous solution) 

Dye capture and 

Remove ions  

 

/ 78.2% for Cr(VI) and 

84.5% for MO 

removal 

181 

Cellulose fibers/ 

cellulose foams 

ZIF-8 15.8-55.2 wt% / RhB (667 mg L-1)/ Cr (VI) 

(4667 mg L-1)/ DMF (1000 mg 

L-1) 

Dye capture, Remove 

ions  

and Organic pollutant 

absorb 

 

/ 24.6 mg g−1 for 

rhodamine B, 35.6 

mg g−1 for Cr (VI) 

and 45200 mg g−1 for 

DMF 

152 

Cotton ZIF-67 40.7 wt% / MO 125 mg L-1 Dye capture pH 4 to 

10 

617.4 mg g−1 87 

Cellulose 

microfibril 

HKUST-1 / Fe3O4  MB (10 mg L-1) Dye capture / 98% 182 

Regenerated 

cellulose 

UiO-66 / / MB (0.0355 mg L-1)/ PEG (0.5 

mg L-1) 

Dye capture and  

Organic pollutant 

absorb 

 

/ 3.5 mg g−1 183 

Carboxymethylcel

lulose 

Cu-MOF / ibuprofen / Molecular release pH 1.2-

7.4 

70% of release 

at 480 min 

157 
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Composing materials 

Adsorbate 
Application and 

solution 

Test 

conditio

ns 

Maximum 

adsorption capacity/ 

mg g-1 

Ref. Cellulose MOFs Other 

materials Types loading 

Carboxymethyl 

cellulose 

ZIF-8 17 wt% Dexametha

sone 

Hydroxyap

atite 

/ Molecular release pH-7.4, 

37 oC 

75% release at day 28  156 

Cotton Cu3(NH2BTC)2 / / / Molecular release 37 oC 90% Cu2+ release at 

24h 

163 

TOCNFs ZIF-8 30.8%-70.1% Curcumin MB Molecular release pH 5.5-

10 

~40 mg g-1 curcumin 

release at 30h 

112 

Cotton fabric Zinc-glutamate-

MOF (ZnGlu) 

13.96 wt% Nitric 

oxideand 

5-

fluorouraci

l  

/ Molecular release pH-7.4, 

37 oC 

~1% NO release at 

30h, ~1% 5FU 

release at 75h 

184 

Carboxymethylcel

lulose 

MOF-5 (Zn-

BDC) 

/ / Pb(II) (10–1000 mg L-1) Remove ions pH 2-6 322.58 mg g-1 185 

Bacterial cellulose ZIF-8 70 wt% Polydopam

ine 

I2/KI (aqueous 

solution 1−10.4 × 10 3 mg L-1)  

Remove ions pH 7,.24 

h 

1310 mg g-1 42 

Cellulose aerogel ZIF-8 30 wt% / Cr(IV) (1-100 mg L−1) Remove ions 120 min 41.8 mg g-1 186 

Bacteria cellulose ZIF-8 5 wt% / Pb2+ / Cd2+ (100 mg L−1) Remove ions pH 5.5, 

25oC,50h 

390 mg g-1 for Pb2+ 

220 mg g-1 for Cd2+ 

175 

Cellulose acetate ZIF-67 / 2-

Methylimi

dazole 

Cu(II) (78.9 mg L−1),  

Cr(VI) (88.3 mg L−1), 

Remove ions pH 6.5, 

25 oC, 

24h 

18.9 mg g−1 for 

Cu(II) and 14.5 mg 

g−1 Cr(VI)  

95 

Bacterial cellulose ZIF-67 46.1 wt% Chitosan Cu2+ and Cr6+ (1000 mg L−1) 

 

Remove ions 

 

pH 6. 200.6 mg g−1 for Cu2+ 

and 152.1 mg g−1 for 

Cr6+ 

124 

Cotton UiO-66-NH2 / / Pb2+ and Cu2+ ( 100  mg L−1) Remove ions 

 

/ 89.40 mg g−1 for Pb2+ 

51.33 mg g−1 for Cu2+ 

187 

Balsa wood NH2-MIL-53 52.2 wt% / Pb2+ (10  mg L−1) Remove ions 

 

pH 6 223.405 mg g−1 for 

Pb2+ 

153 

Cellulose 

nanocrystal 

Zn-BTC / Fe3O4 Pb2+ (200 mg L-1) Remove ions 

 

pH 2-6, 

25 oC 

558.66 mg g−1 

 

188 

Cellulose acetate Aluminum 

fumarate (AlFu) 

2 to 10 wt% / Fluoride (10 to 800 mg L-1) Organic pollutant 

absorb 

 

pH 7 179 mg g−1 189 
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Composing materials 

Adsorbate 
Application and 

solution 

Test 

conditio

ns 

Maximum 

adsorption capacity/ 

mg g-1 

Ref. Cellulose MOFs Other 

materials Types loading 

Viscose fabrics Cu-BTC 1.56 -11 wt% / Phenol 

(2500 mg L-1 in noctane) 

Organic pollutant 

absorb 

 

30 °C 333 mg g−1 91 

Basswood UiO-66 2.22 wt%. / Organic Pollutants (propranolol, 

1-NA, BPA, and BPS in  

Water). Rh6G-polluted 

water (10 mg·L−1) 

Organic pollutant 

absorb 

/ 690 mg·g−1 for Rh6G 

(based on the content 

of MOFs) 

115 

Basswood MIL-101(Fe) 0.79 wt% / Rh6G/ propranolol/ diclofenac Organic pollutant 

absorb 

/ ∼190 mg g−1 for 

Rh6G, 

∼220.4 mg g−1 for 

propranolol, and 

∼178.6 mg g−1 for 

diclofenac  

 

190 

Carboxymethyl 

cellulose sodium 

MOF-199 

(HKUST-1) 

70 wt% / Dipeptide EE/RR  Organic pollutant 

absorb 

/ 544.38 mg g−1 for EE 

dipetide 

191 

cotton fabric UiO-66-

(COOH)2 

15.3 wt% / Creatinine (200 mg·L−1 in 

Tyrode buffer solution) 

Organic pollutant 

absorb 

37 °C 212.8 mg g−1 192 

Cotton Cu-BTC 10 wt% /  Organophosphate 

pesticide (100 ppm) 

Organic pollutant 

absorb 

/ 182 mg g-1 83 

Cotton fiber MOF-199 

(HKUST-1) 

/ Polyoxome

talate 

organophosphate 

pesticide ( methyl parathion  20 

mg/L) 

Organic pollutant 

absorb 

25 oC 89 mg g-1 based on 

MOF 

193 

Carboxymethylate

d cellulose fibers 

MOF‐199 32.53 wt% Ag NPs 4‐nitrophenol ( 4‐NP) (0.1 mM)  

NaBH4 (10 mM)) 

Degrade organic 

pollutant 

/ ~100% 4-NP 

reduction 

85 

Viscose fabrics Ln (Eu3+, Tb3+) 

MOF 

/ / RhB Degrade dye Xe–Hg 

lamp 

~100% RhB 

reduction 

36 

Cellulose aerogel  ZIF-9/ZIF-12 30 wt% Peroxymo

nosulfate 

p-nitrophenol (PNP)  

 (20 mg L−1 solution)  

Degrade organic 

pollutant 

25 oC, 

pH 6 

Remove PNP about 

90% in one hour 

43 

Cellulose 

microfibril 

HKUST-1 / CuO/Fe3O4 4-NP (35.5  mg L−1 4-NP, 355 

mg L−1 NaBH4 solution) 

Degrade organic 

pollutant 

/ ~100% 4-NP 

reduction 

194 

Carboxymethyl 

cellulose 

HKUST-1 / Dopamine, 

2-

methylimi

4-NP (7.1 mg L−1 4-NP, 1420 

mg L−1 NaBH4 aqueous 

solution) 

Degrade organic 

pollutant 

25 oC ~100% 4-NP 

reduction at 60s 

195 
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Composing materials 

Adsorbate 
Application and 

solution 

Test 

conditio

ns 

Maximum 

adsorption capacity/ 

mg g-1 

Ref. Cellulose MOFs Other 

materials Types loading 

dazole, and 

melamine 

CNFs UiO-66-NH2 34.5 wt% γ-

Glycidoxy

propyltrim

ethoxysila

ne 

4- 

Nitrophenyl Phosphate (DMNP) 

Degrade organic 

pollutant 

25 oC 90% at 20 min 38 

CNFs NH2-MIL-

88B(Fe) 

(NM88) 

/ PAN 

nanofibers 

g-C3N4 

Sulfamethoxazole (20 mg L-1) Degrade organic 

pollutant 

Xenon 

lamp 

100% at 200 min 48 
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Abstract 

The applicability of advanced composite materials with hierarchical structure that conjugate 

metal-organic frameworks (MOFs) with macroporous materials is commonly limited by their 

inferior mechanical properties. Here, a universal green synthesis method for the in situ growth 

of MOF nanocrystals within wood substrates is introduced. Nucleation sites for different types 

of MOFs are readily created by a sodium hydroxide treatment, which is demonstrated to be 

broadly applicable to different wood species. The resulting MOF/wood composite exhibits 

hierarchical porosity with 130 times larger specific surface area compared to native wood. 

Assessment of the CO2 adsorption capacity demonstrates the efficient utilization of the MOF 

loading along with similar adsorption ability to that of pure MOF. Compression and tensile tests 

reveal superior mechanical properties, which surpass those obtained for polymer substrates. The 

functionalization strategy offers a stable, sustainable and scalable platform for the fabrication 

of multifunctional MOF/wood-derived composites with potential applications in environmental 

and energy–related fields.  

Keywords:  

green synthesis, metal-organic frameworks, wood-based composites, hierarchical porosity, 

mechanical properties 

 

1 Introduction 

Metal-organic frameworks (MOFs) are crystalline coordination polymers with tunable porosity 

that are composed of three-dimensional (3D) networks of metal ions (or clusters) and organic 

linkers. Their unique micro/mesopore architecture results in high specific surface area, large 

porosity, low density and structural diversity,1 which makes them highly attractive candidates 

for numerous applications, including gas storage and separation,2-4 catalysis,5 drug delivery,6 

sensing7 and energy storage.8 However, due to the crystalline nature of MOFs, they are most 

commonly found as powders, thus, their processability and handling remain  a significant 

challenge.9 Integrating MOFs onto or into various substrates to produce shapeable and cost-

efficient materials constitutes one way to expand the potential applications of these functional 

materials. In this regard, MOFs have been deposited or grown on various polymer substrates10-

17 by means of direct mixing,18 in situ growth,19 layer-by-layer20 and continuous flow synthesis21 

resulting in composite materials that exhibit a complex multilevel network of macropores, 

mesopores and micropores, in which the macro- and mesoporous structures enhance the 

diffusion kinetics and accessibility to the active sites located in the micropores of MOFs.22 
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A common way to fabricate porous MOF-containing composites are bottom-up methods such 

as freeze-casting,23 freeze-drying,24 solvent-casting,25 or electrospinning18. While these 

methods lead to composites with sufficient porosity, they are often characterized by relatively 

weak mechanical properties,26 due to the well-known trade-off between high porosity and 

satisfying mechanical properties, which substantially limits their applicability in pressure-

driven gas or liquid adsorption and separation processes.27,28 Even though various methods have 

been proposed to improve the mechanical properties, i.e., increasing the polymer-volume 

fraction within the composites,29 cross-linking of the polymer30,31 as well as the incorporation 

of additional reinforcing fibers,32 the resulting composites can still be limited by MOF 

aggregation, weak interaction between the substrate and MOFs, or low permeability. 

Furthermore, the flexibility and swelling of the polymer membrane may result in the segregation 

of the MOF layer from the membrane surface.33,34 

Hence, finding an alternative substrate that provides both sufficient porosity and excellent 

mechanical properties is a prerequisite.35 A range of biological materials that fulfills these 

requirements are available in nature, among which wood outstands as a promising example. 

Wood is a hierarchically-structured material across several length scales composed of 

well-connected hollow fibrous structures.36 This unique hierarchical and open porous structure 

with superior mechanical properties along with its light weight offers an ideal scaffold to 

manufacture high-performance composite materials, such as transparent wood,37 oil/water 

separation membranes,38,39 solar steam generation devices,40 mechanically tunable wood41 and 

stimuli responsive wood.42 Additionally, wood exhibits abundant hydroxyl groups that can act 

as active sites for chemical modifications facilitating the in situ functionalization with polymers 

or inorganic materials leading to advanced functionality.43-45 However, studies that exploit all 

these beneficial aspects to develop MOF/wood composites are scarce.46 

Here, we report a versatile and simple strategy for the sustainable synthesis of composites with 

unique hierarchical structure and superior mechanical properties, based on the in situ growth of 

different types of MOFs within diverse wood substrates (Figure 1). While MOF provides the 

micro- and mesoporous network, macroporous wood serves as mechanical support, opening up 

the avenue for a new type of composite materials. 
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Figure 1. Schematic representation of the fabrication process to obtain ZIF-8/wood composites. 

 

2 Results and discussion 

Beech, a widely used diffuse-porous hardwood species, mainly composed of tubular cells, i.e., 

vessels and fibers along the longitudinal direction, whose cell walls consist of cellulose fibrils 

embedded in a matrix of hemicelluloses and lignin (Figure 2a,b), was selected to prepare the 

initial composite material. First, we performed a simple and effective sodium hydroxide (NaOH) 

solution pretreatment of the wood samples. This step fulfills simultaneously two main functions: 

(i) it ensures the ion exchange of the proton in the wood inherent carboxyl groups by sodium 

cations, providing the nucleation sites for the subsequent growing of the MOF structure, and (ii) 

it provides a rough fibrillar structure that boosts the anchoring of the MOFs to the wooden 

substrate. Fourier-transform infrared (ATR-FTIR) spectra confirmed the successful chemical 

transformations that occurred during this NaOH pretreatment process (Figure 2m). The 

decrease in the intensity of the carbonyl group (–C=O) at 1735 cm-1 and the increase of 

carboxylate groups (–COO-) at 1593 cm-1 for the pretreated beech indicate partial removal of 

hemicelluloses and the successful transformation from –COOH to –COONa after the alkaline 

treatment. Hence, the negative surface charge of bulk beech samples measured by zeta potential 

analysis increased by the pretreatment from -12.05±1.87 mV to -38.44±1.99 mV, leading to 

strong affinity to metal cations (Table S1). Atomic Force Microscopy (AFM) revealed that the 

NaOH pretreatment also removed the innermost surface layer of the cell walls facing to the 

empty lumen of the cells (Figure 2c) and exposed the underlying cellulose microfibril structure 
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(Figure 2f). This surface layer is composed of hemicelluloses (mannan and xylan) and lignin-

like polyphenols.47,48 The decrease of the IR-peaks at 1396 cm-1 attributed to C–H deformation 

in hemicellulose and 1234 cm-1 corresponding to C–O stretch in lignin demonstrated the partial 

removal of hemicellulose and lignin. Note that the X-ray diffraction (XRD) pattern confirmed 

that the NaOH pretreatment does not alter cellulose as its initial crystal structure remains intact 

(Figure 2n). After pretreatment, the beech samples were thoroughly washed with water until the 

pH value of the washing water equaled 9. In order to retain the porous structure, the samples 

were kept in wet state after washing, as conventional vacuum drying of pretreated beech leads 

to pronounced cell wall shrinkage accompanied by the blockage of the lumina (Figure S1), 

which would hamper the subsequent growth of the MOF. To fix the original pretreated beech 

structure in the dry state for SEM and AFM analysis, the samples were subjected to a freeze-

drying process to avoid shrinkage (Figure S2).  

The next step consists of the in situ formation of the MOF, i.e., zeolitic imidazolate framework-

8 (ZIF-8) in this case, crystal nuclei within pretreated beech. For that purpose, primary addition 

of Zn(NO3)2 solution promoted the ion-exchange between Na+ ions in the carboxyl groups of 

pretreated beech by Zn2+ ions. After the addition of 2-Methylimidazole (2-MeIm), ZIF-8 

nanoparticles of ca. 420 nm were uniformly and firmly deposited on the lumen surface via H-

bonding and electrostatic interactions resulting in the ZIF-8/beech composite (Figure 2g-k, 

Figure S3a). The formation of the composite rarely occurs without the pretreatment as 

exemplified in Figure S3b. Elemental mapping images of the ZIF-8/beech composite revealed 

the homogeneous distribution of ZIF-8 nanoparticles on the lumen surface of vessels, fibers and 

rays as indicated by the uniform detection of zinc (green) across the entire bulk wood structure 

(Figure 2l). Conventional vacuum impregnation or filtration of pre-synthesized ZIF-8 favors 

the agglomeration of the ZIF-8 particles at the outer surface of wood, which blocks the pathway 

into the inner part of the wood and limits the inner functionalization of the bulk sample 

(Figure S4), thus emphasizing the impact and importance of the in situ growth treatment on the 

distribution of MOF crystals (Figure 2g-l). The FTIR spectra of the ZIF-8/beech composite 

displayed the bands at 1146, 420 cm-1 and 758 cm-1 associated with C–N, Zn–N and out-of-

plane bending of the 2-MeIm ring of ZIF-8, respectively (Figure 2m).49 The asymmetric peak 

of COO- shifted from 1593 cm-1 in the case of pretreated beech to 1581 cm-1 for the ZIF-8/beech 

composite, owing to the changes in the metal–carboxylate interaction from COO--Na+ to COO-

-Zn2+. In addition, the XRD pattern of the ZIF-8/beech composite revealed two broad diffraction 

peaks centered around 2=16.1° and 22.3° associated with cellulose, along with the 

characteristic diffraction peaks at 2=7.3°, 10.4°, 12.8°, 14.7° and 18.1° corresponding to the 
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(110), (200), (211), (220) and (222) crystal faces of ZIF-8, thus confirming the successful 

formation of ZIF-8 crystals (Figure 2n). 

 

Figure 2. Cross-sectional (first line) and tangential-sectional (second line) SEM images of a,b) 

native beech, d,e) pretreated beech and g-k) ZIF-8/beech composite. The inset in k) correspond 

to the magnified SEM image of ZIF-8 nanocrystals in ZIF-8/beech composite. AFM images of 

the cell wall layer facing to the cell lumen of c) native beech and f) pretreated beech. i) SEM 

image and l) corresponding elemental maps of zinc (green) and carbon (pink) for the 

ZIF-8/beech composite. m) FTIR spectra of native beech, pretreated beech and ZIF-8/beech 

composite. n) XRD patterns of native beech, pretreated beech, ZIF-8/beech composite and pure 

ZIF-8. 
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The presented protocol mainly differs from state-of-the-art preparation methods in the 

pretreatment step. In the case of polymer-derived composites, the pretreatment generally 

involves TEMPO oxidation, esterification, cysteamine or carboxymethylation reactions, which 

are performed in the presence of toxic chemicals such as sodium hypochlorite (NaClO), 

cyanuric chloride (C3Cl3N3) and sodium chloroacetate (ClCH2COONa).50 In contrast, the 

treatment with NaOH offers a simple and renewable solution for the targeted wood 

functionalization. To compare both processes, a conventional carboxymethylation process was 

also applied (sample code: ZIF-8/CM beech). The results showed that both methods led to 

similar MOF distribution (Figure S5).  

 

Figure 3. Adsorption isotherms (left), pore size and cumulative pore volumes from argon 

sorption (middle) and mercury porosimetry (right) of native beech, pretreated beech, 

ZIF-8/beech composite and pure ZIF-8. 

Following the synthesis of the ZIF-8/beech composite, a sorbent activation procedure was 

conducted. It involves two steps: washing with methanol followed by heating under vacuum to 

fully remove the excess precursors that could otherwise block the microporous structure of ZIF-

8 (Figure S6).51 As exemplified in Figure S7, traces of the precursor were still evidenced in the 
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composite when water was used as a solvent due to the lower solubility of 2-MeIm in water 

compared to methanol, which suggests that the selected solvent has a key impact on the final 

porosity and morphological properties of the composite. 

Table 1. Porous properties of native beech, pretreated beech, ZIF-8/beech composite and pure 

ZIF-8. 

 

 

 

 

 

 

In order to determine the complete distribution of macropores, mesopores and micropores of 

the ZIF-8/beech composite, argon sorption and mercury porosimetry analyses were conducted 

(Figure 3). The argon adsorption isotherms of both native and pretreated beech revealed 

negligible porosity whereas the resulting ZIF-8/beech composite clearly exhibited the 

characteristic features of the ZIF-8 bulk material, i.e., the presence of microporosity along with 

the hysteresis loop, which is associated with capillary condensation taking place in mesopores. 

The porous properties derived from the adsorption isotherms are summarized in Table 1. The 

ZIF-8/beech composite exhibited a surface area of 26 m2 g-1, which is 130 times higher than 

that obtained for native beech, and a micropore volume of 0.006 cm3 g-1. The substantial 

increase of the surface area compared to native beech proves the existence of ZIF-8 within wood, 

in line with previous analyses (Figure 2g-n). Indeed, the comparison of the porous properties of 

native beech and the composite revealed a ZIF-8 loading of ca. 1.8 wt.% in the composite. The 

MOF loading could be further increased by longer MOF synthesis times, by layer-by-layer 

buildup of MOF multilayers or simply by using wood species with higher porosity. Increasing 

the synthesis time up to 48 h resulted in a surface area of 39 m2 g-1 and by using the two cycles 

layer-by-layer method during the ZIF-8 synthesis, the surface area of the composite reached 

values up to 84 m2 g-1, which is 419.5 times higher than that obtained for native beech 

(Table S2). The application of the nonlocal density functional theory (NLDFT) to the argon 

sorption isotherms enabled to determine the pore size distribution (PSD) in the micro and 

mesopore ranges (Figure 3, middle panel). Similarly, the PSD in the macropore range was 

calculated from the mercury intrusion data (Figure 3, right panel). The results revealed the 

Sample SBET      

[m2 g-1]a) 

Smeso      

[m2 g-1]b) 

Vmicro      

[cm3 g-1]c) 

Vpore      

[cm3 g-1]c) 

Native beech 0.2 0.2 0 0 

Pretreated beech 0.1 0.1 0 0 

ZIF-8/beech 26 4 0.006 0.011 

ZIF-8 1562 222 0.39 0.68 

a) BET method; b) t-plot method; c) Volume adsorbed at p/p0=0.99. 
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absence of micro- and mesoporosity for the native and pretreated beech and the presence of 

micropores of ca. 0.8 nm and mesopores of ca. 3 nm in both the composite and pure ZIF-8, 

which confirms the successful incorporation of ZIF-8 into the wood matrix. The PSD obtained 

from the mercury porosimetry data of native wood evidenced the presence of pores of 10 nm, 

400 nm, 0.3 m and 20 m, from which the first three diminished during the pretreatment step, 

as conventional vacuum drying after the pretreatment leads to the shrinkage of the cell walls. 

Therefore, the pores diminish within the cell walls and pits, as well as the lumen of the fibers 

and vessels. Bigger pores are preserved upon incorporation of ZIF-8, thus suggesting the 

trimodal porosity of the final ZIF-8/beech composite. The macropores (100 nm and 100 m) 

detected in pure ZIF-8 originate from the intraparticle porosity between the nanocrystals, and 

therefore, were not detected in the case of the composite owing to the uniform monolayer 

distribution of ZIF-8 on wood. Accordingly, the final material evidenced a multimodal porous 

structure consisting of interconnected pores with different lengths ranging from micro- and 

meso- to macropores and can be accurately tuned by modifications in the synthesis protocol 

and/or in the selected MOFs and wood species. 

This type of hierarchically-organized porous materials are of high relevance for applications 

dealing with large molecules and nanomaterials. The microporous network of the composite 

provides the shape selectivity function for guest molecules such as CO2 and N2 while the meso- 

and macroporous networks can improve the accessibility to the active sites and the diffusion 

kinetics. To exemplify the functionality of the composite, we have evaluated the adsorption 

capacity of CO2 and compared it with that of pure ZIF-8 (Figure S8b). The amount of CO2 

adsorbed per gram of ZIF-8 in the case of the composite (ca. 48 cm3 g-1
ZIF-8 at p/p0=1) is 

comparable to that of pure ZIF-8 (ca. 44 cm3 g-1
ZIF-8 at p/p0=1) in line with the similar crystal 

sizes, i.e., 420±113 nm and 460±57 nm for ZIF-8 within the composite and pure ZIF-8, 

respectively. This indicates i) the efficient utilization of ZIF-8 in the composite and ii) that the 

embedding process did not alter the adsorption capacity of the MOF. The adsorption capacity 

of N2 was also evaluated under equivalent experimental conditions. The composite did not 

adsorb N2, thus demonstrating the superior selectivity towards CO2 adsorption.  
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Figure 4. Mechanical performance of native beech, pretreated beech and ZIF-8/beech 

composite. a) Compressive and b) tensile stress−strain curves of native beech, pretreated beech 

and ZIF-8/beech composite. The insets in a) and b) show the schematic representation of the 

respective mechanical tests and the images of native beech, pretreated beech and ZIF-8/beech 

composite samples used in the tests. Comparison of c) compressive strength and d) ultimate 

tensile stress of the materials used in this work with other polymer 

substrates/templates-supported MOFs composites (additional details are provided in 

Table S3,4).  

In addition to the functionality, mechanical properties are key for further processing and 

application of the final composite. Upon pressure-driven applications in gas adsorption and 

separation processes, the MOF/wood composites need to be strong enough to retain the 

hierarchical porosity under the applied pressure conditions. Therefore, we have conducted a 

comprehensive mechanical characterization by compression and tensile tests (Figure 4a and b, 

Figure S9). Compression tests in the longitudinal direction of wood showed that pretreated 

beech exhibited higher strength (96 MPa) than native beech (68 MPa), but experienced 

pronounced reduction of the elastic modulus in compression and showed a 3-fold higher strain-
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to-failure value. Wood became slightly more flexible after the pretreatment step owing to the 

partial removal of the cell wall matrix components, lignin and hemicellulose (Figure 4a, 

Figure S9a). The compressive strength of the ZIF-8/beech composite was 100 MPa and showed 

similar mechanical performance as the pretreated beech, thus demonstrating that the presence 

of ZIF-8 crystals within wood did not significantly affect the mechanical properties. In tensile 

tests in the longitudinal wood direction, native beech, pretreated beech and the ZIF-8/beech 

composites exhibited similar ultimate tensile stress levels, i.e., 87 MPa, 81 MPa and 73 MPa, 

respectively (Figure 4b, Figure S9b).The stress-strain curves show that the pretreatment did not 

affect the tensile modulus, which indicates that the stress transfer between fibers was not altered. 

Notably, wood offers a robust scaffold, which supplies excellent mechanical properties to the 

final composite. Indeed, both compressive strengths and ultimate tensile stress of the ZIF-

8/beech composite reported in this study are substantially higher than those obtained for the 

widely-synthesized polymer-based MOF composites previously reported (Figure 4c,d and 

Table S3,4). 

 

Figure 5. Schematic representation of the versatility of the synthetic approach to other wood 

species and MOFs. Cross-sectional SEM images (left) of native wood (basswood, spruce and 

beech) and tangential-sectional SEM images (right) of MOF/wood composites 

(ZIF-8/basswood, ZIF-8/spruce and MOF-199/beech). The inset corresponds to the magnified 

SEM images of MOF nanocrystals in MOF/wood composites. 

Finally, as a proof of concept, we demonstrate the feasibility of the synthesis protocol to be 

extended to other wood species, metal organic frameworks as well as different sample 

geometries depending on the final application. The developed synthesis approach was applied 
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to MOF-199 and other wood types, e.i., basswood and spruce. Both SEM (Figure 5) and XRD 

(Figure S10) analyses confirmed the successful formation of MOF/wood composites in all cases. 

The size of the ZIF-8 particles in beech, basswood and spruce was 420 nm, 1 m and 450 nm, 

respectively owing to the different water adsorption and transport abilities of the wood species. 

Additionally, MOF/wood composite can be built in different shapes. Indeed, ZIF-8 nanocrystals 

were successfully synthesized within both wood veneer and cubic, and their morphology and 

surface area were similar (Figure S11). These results clearly reveal the high potential of wood-

derived composites towards the practical implementation of MOFs.  

3 Conclusion 

In this work, we have developed a universal strategy for the green synthesis of a ZIF-8/beech 

composite by the in situ growth of ZIF-8 nanocrystals within beech. The effective growth of 

ZIF-8 was facilitated by the pretreatment of beech with a sodium hydroxide solution.. The as-

synthesized hierarchical ZIF-8/beech composite exhibits a complex network of macropores, 

mesopores and micropores resulting in a 130-times higher surface area compared to native 

beech. Assessment of the CO2 adsorption capacity revealed the efficient utilization of the ZIF-

8 loading along with the preservation of the adsorption ability upon embedding of ZIF-8 into 

the composite. Most importantly, this composite demonstrates excellent mechanical properties. 

Evaluation of the compressive strength and ultimate tensile stress resulted in values of 100 MPa 

and 74 MPa, respectively, which surpass those obtained with state-of-the-art polymer-derived 

composites. In addition, the versatility of this synthetic approach was further proved with other 

MOFs, i.e., MOF-199, and wood types, i.e., basswood and spruce, thus evidencing the wide 

potential for tuning the properties of the final material for a targeted application. The reported 

functionalization strategy offers a low-cost, sustainable and scalable platform with great 

potential in the fabrication of functional materials. 

4 Experimental section 

Materials: European beech (Fagus sylvatica), American basswood (Tilia americana) and 

Norway spruce (Picea abies) wood samples were cut into cuboids with the dimensions 

10×10×5 mm3 (radial×tangential×longitudinal, R×T×L). Tangential cut beech veneers with a 

thickness of 6 mm, a length of 6 cm and a width of 2 cm were used. Zinc nitrate hexahydrate 

(Zn(NO3)2·6H20, 98%), copper(II) acetate (Cu(OAc)2, 98%), triethylamine (C3H9N, ≥99%) and 

sodium chloroacetate (ClCH2COONa, 98%) were purchased from Sigma-Aldrich. 

2-Methylimidazole (2-MeIm, C6H6N2, 97%) and sodium hydroxide (NaOH) were supplied by 

Thermo Fisher GmbH. 1,3,5-benzenetricarboxylic acid was obtained from EMD Millipore 
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Corporation. Methanol (≥99.9%), ethanol (≥99.8%) and N,N-dimethyformamide (DMF, 

≥99.8%, Sigma-Aldrich) were used as solvents. All chemicals were used as received. 

Wood Pretreatment: Native beech wood samples were pretreated by immersion in a 15% w/v 

NaOH aqueous solution for 1 h. The resulting wood samples denoted as pretreated beech, were 

washed under stirring with water for 24 h until the pH value of the washing solution reached 9.  

Preparation of ZIF-8/beech composite: The pretreated beech wood samples were vacuumed for 

1 h prior to the vacuum impregnation with a Zn(NO3)2 solution, which was prepared by 

dissolving Zn(NO3)2·6H20 (2.4 g, 0.002 mol) in methanol (20 g) and deionized water (3 g). The 

impregnation time was 2 h to ensure a sufficient ion-exchange between Zn and Na ions. 

A 2-MeIm solution, containing 13.2 g (0.04 mol) of MeIm in methanol (20 g) and deionized 

water (3 g) was subsequently added to the above solution. Stirring at room temperature for 24 h 

led to the ZIF-8/beech composite. The composite was then rinsed three times with 50 ml of 

methanol for 5 min to remove the unreacted precursors, followed by drying in the vacuum-oven 

at 103°C for 48 h. The same synthesis procedure was used for the other wood species. For the 

preparation of the two cycles layer-by-layer sample, the above-described synthesis procedure 

was repeated twice. 

Preparation of MOF-199/beech composite: The synthesis route of MOF-199 was adapted from 

a method reported by Tranchemontagne et al.52 Similarly to the procedure used in the 

preparation of the ZIF-8/beech composite, a vacuum impregnation protocol was applied. After 

the pretreated beech was vacuumed for 1 h, a Cu(OAc)2 solution prepared by dissolving 

Cu(OAc)2 (860 mg) in a DMF:ethanol:water (12 ml, 1:1:1, v/v/v) solution was added. The 

resulting mixture was stirred for 24 h in order to ensure a sufficient ion-exchange between Cu 

and Na ions. 500 mg of 1,3,5-benzenetricarboxylic acid previously dissolved in 12 ml of the 

same solvent mixture were subsequently added dropwise followed by the addition of 0.5 ml of 

trimethylamine. The resulting mixture was stirred at room temperature and the final 

MOF-199/beech composite was obtained after 24 h. The composite was rinsed three times with 

25 ml DMF for 5 min to remove the unreacted precursors and then immersed in ethanol for 

30 min before drying under vacuum at 103°C for 48 h. 

Materials Characterization: Scanning electron microscopy (SEM) was performed on a FEI 

Quanta 200F instrument. Prior to the analysis, a 10 nm thick Pt/Pd layer was sputtered onto all 

the sample surfaces to improve conductivity using a Safematic CCU-010 Metal Sputter Coater. 

Energy dispersive X-ray (EDX) spectroscopy was conducted using an Ametek-EDAX Octane 

Super detector in secondary electrons mode at 20 kV and a working distance of ca. 10 mm. 
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Atomic force microscopy (AFM) images were acquired in air using a NanoWizard 4 microscope 

(JPK Instruments AG - Bruker Nano GmbH). Specific measurement parameters are reported in 

the Supporting Information. Fourier-transform infrared (ATR-FTIR) spectra were measured on 

a Bruker Tensor 27 spectrometer equipped with an ATR module. Wood samples used for testing 

were 0.1 g fibers cut from cuboids with a length of 5 mm and a width of 0.2 mm. Measurements 

were carried out in the spectral range from 650-4000 cm-1. Each measured spectrum was an 

average of 64 scans and the displayed spectrum is an average of 10 spectra. Baseline correction 

of the obtained average spectra was conducted in the software OPUS (Bruker). Zeta potential 

analysis was conducted using a SurPASS Electrokinetic Analyzer (Anton Paar). Specific 

measurement parameters and procedures are reported in the Supporting Information. Powder 

X-ray diffraction (XRD) was measured using a PANalytical X'Pert PRO MPD diffractometer 

with a Ni-filtered CuK radiation ( = 0.15418 nm). For the measurements, small cut beech 

veneers with a thickness of 6 mm, a length of 2 cm and a width of 1 cm and MOF (ZIF-8 and 

MOF-199) powders were used. The diffraction data was recorded in the 2=5-60° range with 

an angular step size of 0.03° and a counting time of 1 s per step.  

Ar sorption at -196°C was undertaken in a Micromeritics 3Flex instrument. Prior to the 

measurement, the samples were evacuated at 90°C for 48 h. Mercury intrusion porosimetry was 

conducted with a Micromeritics Autopore IV 9510 following in situ sample evacuation and 

using a contact angle of 140°. Adsorption isotherms of N2 and CO2 at 0°C were recorded using 

a Micromeritics 3Flex Analyzer. Prior to the measurement, the samples were evacuated at 90°C 

for 48 h. 

Compression tests and tensile tests were performed using a universal testing machine (Zwick 

Roell) equipped with a 10 kN load cell. Prior to the compression tests, 10 specimens with the 

dimensions of 10×10×5 mm3 (R×T×L) were dried in an oven at 65°C until constant mass. The 

testing speed was 0.5 mm min-1 and a preloading of 100 N was used. For the tensile tests, 10 

previously dried specimens with the dimensions 0.6×20×60 mm3 (R×T×L) were used with 

40 mm initial length between two grips. Due to the sample geometry, we use the term “ultimate 

tensile stress” instead of “tensile strength”. The preload was set to 10 N and the displacement 

was measured with a travel sensor at a speed of 0.35 mm min-1. Both the compression and 

tensile tests were conducted at 20°C and 65% relative humidity. 
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Supplementary Information 

1. Experimental section 

Preparation of carboxymethylated wood (CM wood)  

Native beech was immersed in a 1 M sodium chloroacetate and 15% w/v NaOH solution for 

1 h. The resulting CM beech was thoroughly washed with deionized water for 24 h in order to 

remove the residual reactants.  

Preparation of ZIF-8/CM beech composite 

The CM beech samples were vacuumed for 1 h prior to the vacuum impregnation with a 

Zn(NO3)2 solution, which was prepared by dissolving Zn(NO3)2·6H20 (2.4 g, 0.002 mol) in 

methanol (20 g) and deionized water (3 g). The impregnation time was 2 h to ensure a sufficient 

ion-exchange between Zn and Na ions at the surface of the lumen. A 2-MeIm solution, 

containing 13.2 g (0.04 mol) of MeIm in methanol (20 g) and deionized water (3 g) was 

subsequently added to the above solution. Stirring at room temperature for 24 h led to the 

ZIF-8/CM beech composite. The resulting material was then rinsed three times with 50 ml of 

methanol for 5 min to remove the unreacted precursors, followed by drying in the vacuum-oven 

at 103°C for 48 h.  

Synthesis of ZIF-8 

For the synthesis of ZIF-8, a solution of 2.4 g of Zn(NO3)2·6H20 in 20 g of methanol and 3 g of 

deionized water and a second a solution containing 13.2 g of 2-MeIm in the same solvent 

mixture were prepared. Both solutions were mixed and then stirred at room temperature for 

24 h. The obtained solid was collected by centrifugation and thoroughly washed with methanol 

(3 times). The product was subsequently dried under vacuum overnight at 103°C. By adding 

0.5 g of ZIF-8 powders into 50 ml of methanol, a 1% w/v ZIF-8 solution was formed. 

Synthesis of MOF-199 
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860 mg of Cu(OAc)2 were dissolved in a 12 ml solvent solution of DMF:ethanol:water (1:1:1). 

500 mg of 1,3,5-benzenetricarboxylic acid were subsequently dissolved in 12 ml of the same 

solvent mixture. Both solutions were mixed and then stirred vigorously at room temperature for 

24 h. The obtained solid was collected by centrifugation and thoroughly washed (3 times) with 

30 ml of DMF, followed by drying under vacuum overnight at 103°C. 

Preparation of ZIF-8/beech by vacuum impregnation method 

Pretreated beech wood samples were vacuumed for 1 h before adding the 1% w/v ZIF-8 

solution. The vacuum impregnation was sustained 24 h, after which the resulting ZIF-8/beech 

composite was dried in the vacuum-oven at 103°C for 48 h. 

Preparation of ZIF-8/beech by filtration method 

The filtration method is adapted from a protocol reported by Sun et al.1 In short, a beech wood 

cube was placed with its cross section facing up into a suction filter. 10 ml of 1% w/v ZIF-8 

solution were then slowly poured into the filter and soaked through by vacuum. The procedure 

was repeated 3 times followed by drying of the sample in the vacuum-oven at 103°C for 48 h. 

Materials characterization 

Zeta potential analysis was conducted using a SurPASS Electrokinetic Analyzer (Anton Paar). 

Tangential beech samples were cut into dimensions of 2×10×20 mm3 (R×T×L) and attached to 

an adjustable gap cell (gap height was adjusted to 100 m ± 20 m) by double-sided adhesive 

tape. Prior to the measurements, native wood was conditioned by immersion in deionized water, 

and pretreated wood as well as CM wood were conditioned by immersion into a NaOH solution 

(pH 9) overnight to avoid swelling of the wood during the measurement. Measurements were 

carried out at 400 mbar in a 0.001 M KCl electrolyte solution at pH 5.7±0.1 (native wood) and 

pH 9 (pretreated wood and CM wood). The mean value and standard deviation of the  potential 

for the native wood, pretreated wood and CM wood were obtained from eight independent 

ramps measured for two samples each.  
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Atomic force microscopy (AFM) images of native and pretreated beech wood were acquired in 

air and in solution using a NanoWizard 4 microscope (JPK Instruments AG - Bruker Nano 

GmbH). The beech cubes were glued to AFM sample mounting disks using cementit universal 

adhesive (Merz+Benteli ag) with the tangential section oriented parallel to the disk surface. The 

cube surface was then polished with a microtome equipped with a steel knife (RM2255, Leica) 

under wet conditions. Measurements in air were performed under controlled climatic conditions 

(65% R.H., 20°C) in alternating contact mode (AC mode), using rectangular-shaped silicon 

cantilevers (NCHR, Nano World) with a resonant frequency of 320 kHz and 42 N m-1 nominal 

spring constant. The images were obtained at a line scan rate of 0.4 Hz and a resolution of 

512×512 pixels. Topographical investigations in solution were performed on cubes submerged 

in 5 ml of deionized water in contact mode (CM mode) using rectangular-shaped silicon 

cantilevers (CONT, Nano World) with a resonant frequency of 13 kHz and 0.2 N m-1 nominal 

spring constant. The images were obtained at line scan rates of 0.1-0.4 Hz, a setpoint of 0.5-

2.5 nN and a resolution of 512×512 pixels. All images were first analyzed with the JPK image 

processing software (JPK Instruments AG), where a first order polynomial fit correction was 

applied to each scan line to correct large background height changes, and then plotted using 

Gwyddion 2.44. 
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2. Results section 

 

Figure S1. Cross-sectional SEM images at different magnification of beech after the NaOH 

pretreatment followed by a drying process at 103°C under vacuum. 

 

 

 

Figure S2. AFM images of a) native beech and b) pretreated beech tested under in situ contact 

mode in wet state. 
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Figure S3. Light microscope and SEM images of ZIF-8/beech composites a) with and b) 

without NaOH pretreatment.  
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Figure S4. SEM images of the ZIF-8/beech composites fabricated by a) vacuum impregnation 

and b) filtration methods. 

 

 

 

Figure S5. a) FTIR spectra of CM beech, pretreated beech and native beech. b) XRD patterns 

of native beech, ZIF-8/CM beech and pure ZIF-8. c) SEM images of ZIF-8/CM beech 

composite. d) SEM images of ZIF-8/beech composite. 
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Figure S6. SEM images of pure ZIF-8 a) with and b) without washing with methanol after the 

synthesis process. 

 

 

 

Figure S7. SEM images and surface areas of the ZIF-8/beech composites washed with water 

during a) 5 minutes, b) 2 days and c) 5 days. 
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Figure S8 a) Mercury intrusion of native beech, pretreated beech and ZIF-8/beech composite. 

The inset represents the mercury intrusion of pure ZIF-8. b) CO2 adsorption isotherms of 

ZIF-8/beech composite and pure ZIF-8 expressed per gram of ZIF-8. The inset corresponds to 

the adsorption isotherms of native beech and pretreated beech expressed per gram of sample. 

 

 

 

Figure S9. a) Compressive and b) tensile stress-strain curves of native beech, pretreated beech 

and ZIF-8/beech composite. 
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Figure S10. XRD patterns of native beech, MOF-199/beech composite and pure MOF-199. 

 

 

 

Figure S11. SEM images of ZIF-8/beech (tangential cut sample) at different magnification. 

 

Table S1. Zeta potential of native beech, pretreated beech and CM beech. 

Sample Zeta potential     

[mV] 

Native beech -12.05±1.87 

Pretreated beech -38.44±1.99 

CM beech -64.24±1.29 
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Table S2. Porous properties of ZIF-8/beech composites prepared with different time and 

synthesis method. 

Sample SBET      

[m2 g-1]a) 

Smeso      

[m2 g-1]b) 

Vmicro      

[cm3 g-1]c) 

Vpore      

[cm3 g-1]c) 

ZIF-8/beech (1 h synthesis) 16 3 0.006 0.01 

ZIF-8/beech (24 h synthesis) 26 4 0.006 0.011 

ZIF-8/beech (48 h synthesis) 39 5.6 0.01 0.016 

ZIF-8/beech (layer-by-layer) 84 14.6 0.02 0.037 

a) BET method; b) t-plot method; c) Volume adsorbed at p/p0=0.99. 

 

Table S3. Comparison of the compressive strength of the ZIF-8/beech composite with other 

polymer substrates/templates-supported MOFs composites. 

Material Compressive strength     

[MPa] 

Ref. 

ZIF-8/Torlon HF 3 2 

ZIF-8/PES HF 0.01 3 

UiO-66/SA HF 0.44 4 

Cu3(BTC)2-PAN HF 1 5 

ZIF-8/CNF filter 0.5 6 

ZIF-8 cellulose 

aerogel 

6 7 

ZIF-8 cellulose foam 1.3 8 

HKUST-1 CMC foam 10 9 

Native beech 68.15±3.59 This work 

Pretreated beech 95.65±7.34 This work 

ZIF-8/beech 100±10.05 This work 
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Table S4. Comparison of the ultimate tensile stress of the ZIF-8/beech composite with other 

polymer substrates/templates-supported MOFs composites. 

Material Tensile strength     
[MPa] 

Ref. 

MOF-808/PAN 1.02 10 

UiO-66@GO/SPEEK 66.1 11 

Cu3(BTC)2 /PLLA 58.9 12 

UiO-66/PVDF 3.6 13 

ZIF-8/PLA 2.86 14 

ZIF-8@GO/Pebax 18.57 15 

ZIF-8/Pebax 18.8 15 

ZIF-67/CNF 17.2 16 

Native beech 85.691±18.84 This work 

Pretreated beech 81.97±12.67 This work 

ZIF-8/beech 73.42±22.29 This work 
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Abstract 

Wood is a state-of-art, renewable and sustainable building material with excellent mechanical 

properties but negligible triboelectric polarizability. Strategies to improve and rationally tune 

the triboelectric properties of wood are needed to further its application for mechanical energy 

harvesting in smart buildings. We found that wood becomes more triboelectrically positive 

when modified by in situ grown zeolitic imidazolate framework-8 (ZIF-8), a metal-organic 

framework (MOF), and more triboelectrically negative when coated with 

poly(dimethylsiloxane) (PDMS). A TENG made with two radial-cut wood samples (L × R × T: 

35 × 20 × 1 mm3), respectively functionalized with ZIF-8 and PDMS, can generate an open-

circuit voltage (Voc) of 24.3 V and a short-circuit current (Isc) of 0.32 µA upon 50 N, 80 times 

higher compared to that of native wood. We demonstrate the applicability of our functionalized 

wood-TENG (FW-TENG) in smart buildings by using it to power household lamps, calculators, 

and electrochromic windows.  

Keywords: 

wood, ZIF-8, PDMS, triboelectric nanogenerator, energy-efficient building materials 

 

1 Introduction 

The concept of “smart building” has witnessed ever-increasing attention in recent decades. 

Conventional approaches heavily rely on power supplies with limited lifetime (batteries),1-3 so 

that increasing environmental and technological concerns motivated the emergence of 

triboelectric nanogenerators (TENGs) for the direct conversion of mechanical energy (e.g. 

inhabitants' movements) into useful electricity.4-7 However, typical TENGs are often made from 

non-sustainable highly fluorinated polymers, such as poly(tetrafluoroethylene) (PTFE), 

obtained from non-renewable sources and difficult to recycle, thus inappropriate for large-scale 

applications in smart homes.6,8-11  

Wood, one of the most abundant natural biomaterials on Earth, is convenient, renewable, 

biocompatible, biodegradable, and is used as an excellent construction material since thousands 

of years.12 For these reasons, wood would be an ideal material to be implemented in TENGs for 

large-scale applications in smart homes. Nevertheless, native wood has a negligible triboelectric 

effect due to its weak polarizability, limiting its ability to generate surface charges. In the 

triboelectric series, which orders materials from the most electron-donating (tribopositive) to 

the most electron-attracting (tribonegative), native wood nearly sits in the middle i.e. close to 
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electro-neutrality. This may account for the absence of significant progress in the development 

of wood-based TENGs so far.6,13 Pairing materials with opposite tribo-polarities, and increasing 

surface roughness to facilitate contact, are effective strategies to improve the electrical 

performance of TENGs.14-16 In recently proposed examples of wood-based TENGs, the 

triboelectric output was generated by simply coupling native wood with highly polarizable 

materials (such as PTFE). In such approach, however, wood itself does not play a role improving 

the output performance of TENG.6,17 To promote the use of wood in TENGs, it is thus necessary 

to develop approaches to increase, and tune, the triboelectric polarizability of wood. 

Metal-organic frameworks (MOFs) are porous materials composed of metal ions coordinated 

by organic ligands. MOFs have been identified as highly promising triboelectric materials 

thanks to their flexibility regarding composition, size, and functionality.18-20 In particular, the 

zeolitic imidazolate framework-8 (ZIF-8), a subclass of MOFs with sodalite topology, has been 

shown to display positive triboelectric behavior.18 In addition to its tribopositive behavior, the 

unique particle geometry and the possibility to tune their size, thus adjusting the nano-roughness 

of ZIF-8-functionalized triboelectric surfaces, make it a promising candidate for the 

development of TENGs. However, the challenging processability of its powder form limited 

the application of ZIF-8 use in TENGs.21 On the other hand, poly(dimethylsiloxane) (PDMS) 

is an industrial polymer with excellent electron-accepting properties and good flexibility, 

making it an almost ideal tribonegative layer. However, there is still a long way for using pure 

PDMS to satisfy smart building applications, especially because this requires to increase its 

surface roughness by means of complicated and energy-consuming processes.22-24  

Surface modification of native wood with ZIF-8 and PDMS allowed to changing its 

triboelectrical properties, making it more tribopositive (ZIF-8@wood) and more tribonegative 

(PDMS@wood), thus enhancing the electrical output. However, changes in the surface 

chemical composition alone cannot be considered the sole responsible for the observed behavior. 

As a scaffold, wood provides not only increased mechanical strength and toughness, also its 

natural micro-and nanoscale roughness can influence the triboelectric properties of the 

composite. The specific roughness manifests differently due to wood’s hierarchical structure, 

and depends both on the chosen wood species and the cutting direction. For this reason, we 

investigated the effects of different wood species and cutting directions, as well as of different 

ZIF-8 sizes, on the triboelectric output of the wood composites. The resulting optimized FW-

TENG displayed a triboelectric output over 80 times higher than that of a native wood TENG, 

and could be used to power household devices (from lamps to calculators) as well as to actuate 
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a miniature electrochromic window, useful to modulate indoor lighting.25-27 Our study will 

inform the design of next-generation energy-efficient building materials.  

 

Figure 1. Schematic representation of the fabrication and working mechanism of our 

functionalized wood triboelectric nanogenerator (FW-TENG) (A) Schematic representation of 

the FW-TENG made with ZIF-8@wood and PDMS@wood. (B) Schematic representation of 

the triboelectrification process in our FW-TENG. 

 

2 Results and Discussion 

Our approach for the fabrication of a functionalized wood triboelectric nanogenerator (FW-

TENG) is represented schematically in Figure 1A. Two pieces of wood veneer are modified, 

respectively, with ZIF-8 particles (by in situ growth) and with PDMS (by spin-coating and 

curing). The resulting surface chemical and morphological changes increase the ability of wood 

to donate (ZIF-8@wood) or acquire (PDMS@wood) electrons during periodic contact-
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separation cycles and, consequently, the amount of electricity produced. Metal electrodes are 

then attached on the backside of each functionalized veneer to collect and transfer the 

electrostatically induced charges through an external circuit.   

The working principle of our FW-TENG is illustrated in Figure 1B, with the coupled effects of 

contact electrification and electrostatic induction.2 When the more tribopositive ZIF-8@wood 

is put in contact with the more tribonegative PDMS@wood, static charges of opposite sign are 

generated by contact electrification. Electrons transfer from the surface of ZIF-8@wood to the 

surface of PDMS@wood, resulting in fully balanced, electrostatically paired charges. There is 

no electron flow in the external circuit at this stage (stage I).10,28 Once, the two layers are 

separated, the negative charges on the surface of PDMS@wood cannot be compensated by the 

ones on the surface of ZIF-8@wood, inducing a potential difference across the top and bottom 

electrodes. Simultaneously, opposite charges are induced on the electrodes under the action of 

electrostatic induction. In order to screen this potential difference, the electrostatically induced 

free charges will be driven to flow between the two conductive electrodes through the external 

load (stage II). Both the current and voltage outputs are generated during this process until the 

potentials of the two electrodes reach equilibrium again (stage III). Once the ZIF-8@wood is 

reverted to approach the PDMS@wood, the potential difference will begin to decrease, driving 

the charges to flow back in the opposite direction until the original state is attained, resulting in 

a reversed electrical output (stage IV).29  

It has already been demonstrated 30 31 that the internal circuit in a TENG is determined by the 

displacement current (first introduced by Maxwell in 1861, it is not an electric current of moving 

free charges32), while the observed current in the external circuit is the capacitive conduction 

current. As shown in Figure S1, the internal circuit and external circuit meet at the two 

electrodes to form a loop. Therefore, the displacement current is the intrinsic physical core of 

current generation while the capacitive conduction current is the external manifestation of 

displacement current.31  

To investigate the effect of wood microstructure on the electrical output performance, three 

wood species (balsa, spruce, and yew), widely different in terms of cell structure, porosity (from 

64% to 16%, Figure S2 and Table S1), and density (from 83 kg m-3 to 814 kg m-3), were tested 

in the present study. Figure 2A-B and Figure S3 display the scanning electron microscopy (SEM) 

images of cross-cuts (C) of balsa, spruce, and yew. Balsa wood is a light-weight diffuse-porous 

hardwood species, mainly composed of vessels, parenchyma cells, and fibers aligned along the 

longitudinal direction. It is different from spruce and yew, which are both softwoods and have 
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relatively similar anatomical features. However, on average, yew tracheids have a lower lumen 

diameter and a higher cell wall thickness than spruce, which is reflected in a much higher 

density.33 Different wood species thus have different surface morphologies, which in turn 

display different microstructures. We also investigated the influence of morphologies originated 

from different cutting directions. Spruce wood was cut into three planes: cross (C), radial (R), 

and tangential (T). As shown in Figure 2B-D, these three cuts have different morphologies and 

microstructures due to the intrinsic anisotropy of wood, resulting in different surface roughness.  

 

Figure 2. Morphological and physico-chemical characterization of native wood, ZIF-8@wood, 

and PDMS@wood samples (A-F) SEM images of cross-cut balsa (first column) and spruce 

wood (second column), radial-cut spruce (third column), and tangential-cut spruce (fourth 

column) (A-D) without functionalization, (E-H) after functionalization with in situ grown ZIF-
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8 (2-MeIm/Zn2+ = 20), and (I-L) after functionalization with PDMS. Inset in (F) shows the 

morphology of ZIF-8 grown on wood (scale bar of e: 500 nm). (M) FT-IR spectra of native 

spruce(C), 20-ZIF-8@spruce(C), and PDMS@spruce(C), respectively. (N) XRD results for 

native spruce (C) and ZIF-8@spruce(C) with an increased 2-MeIm/Zn2+ ratio from 5 to 10, and 

20, as well as 1-(MeIm/Zn)@spruce(C), respectively. The spruce samples used here are cross-

cut by laser, resulting in an unusual cellulose peak intensity distribution. For more details, 

Figure S11 shows the XRD spectra of different sections (tangential, radial, and cross-section) 

of native spruce veneer prepared with different methods (saw cutting, laser cutting). 

 

Nanocrystals of ZIF-8 were then grown on wood using a two-step synthesis process. First, wood 

was pretreated with an alkaline solution to generate nucleation sites, which promoted a stable 

attachment of the nanocrystals. Then, ZIF-8 nanocrystals were grown by the stepwise addition 

of zinc nitrate Zn(NO3)2 and 2-methylimidazole (2-MeIm) solutions. The size of ZIF-8 

nanocrystals can be tuned by controlling the ratio between ligand (2-MeIm) and metal ions (zinc 

cations, Zn2+). When the 2-MeIm/Zn2+ molar ratio was increased from 5 to 20, the average ZIF-

8 particle size increased from ~616 nm to ~1008 nm, and the associated particle size distribution 

broadened. (Figure S4 and Figure S5). The typical morphology of a ZIF-8@wood sample, 

prepared with a 2-MeIm/Zn2+ molar ratio of 20 (20-ZIF-8@wood), is shown in Figure 2E-H 

and Figure S6. As can be seen in Figure 2E, the structure of the analogue 20-ZIF-8@balsa(C) 

is dramatically affected by the alkaline pretreatment, which partially removes lignin and 

hemicelluloses, causing the cell walls to wrinkle and resulting in extensive shrinkage after 

drying (Figure S7).19 The SEM images of wood samples coated with PDMS are shown in Figure 

2I-L and Figure S8. Compared to that of native wood, the surface of PDMS@wood is smoother. 

In particular, cross-cut wood samples are no longer macroporous, since the PDMS is entirely 

covering the whole surface as well as the lumina, forming a concave surface. The thickness of 

the PDMS film coated on different wood species is within 10 µm, much smaller than the 

thickness of wood (1 mm), as shown in Figure S9. These results show that the modification of 

wood, both with ZIF-8 and PDMS, introduces relevant morphological changes.  

By functionalizing wood with PDMS and ZIF-8, the wood surface's chemical composition was 

changed as well (Figure 2M,N and Figure S10). The Fourier-transform infrared (FT-IR) spectra 

of PDMS@spruce(C), 20-ZIF-@spruce(C), and native spruce(C) samples are displayed in 

Figure 2M. The strongest absorption bands for PDMS@spruce(C) are at 796 cm− 1 (Si-C 

stretching in Si-CH3) and 1258 cm− 1 (deformation of –CH3 in Si-CH3), confirming the presence 

of PDMS on the surface.34 On the other hand, the 20-ZIF-8@spruce(C) sample shows bands at 
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1147 cm−1, 422 cm−1, and 759 cm−1, associated with the stretching of C-N and Zn-N bonds, and 

the out-of-plane bending of the 2-MeIm ring, which confirms the successful modification of 

wood with ZIF-8. Both the 5-ZIF-8@spruce(C) and 10-ZIF-8@spruce(C) samples have FT-IR 

spectra similar to that of the 20-ZIF-8@spruce(C), the only notable exception being 1-ZIF-

8@spruce(C) (Figure S10). This difference can be explained by taking into account the 

associated powder X-ray diffraction (XRD) patterns (Figure 2N). The strong peaks at 2θ = 7.48, 

10.54, 12.88, 14.80, 16.58 and 18.16°, which correspond respectively to planes (011), (002), 

(112), (022), (013), and (222), indicate the high crystallinity of the 5-, 10- and 20-ZIF-8 samples. 

However, 1-ZIF-8@spruce(C) shows only an XRD pattern similar to that of native spruce (C), 

without the typical peaks from ZIF-8 crystals, suggesting that a 2-MeIm/Zn2+ ratio of 1 does 

not result in ZIF-8 formation (Figure 2N and Figure S11). The amount of Zn incorporated by 

each kind of sample was measured by inductively coupled plasma-optical emission 

spectrometry (ICP-OES) and used to calculate the percentage of MOF loading. Results (Table 

S2) showed that the 5-, 10- and 20-ZIF-8@spruce(C) composites had similar ZIF-8 contents, 

respectively 11.0 wt.%, 9.3 wt.%, and 8.8 wt.%, while a zinc-based material of unknown 

structure was generated with a 2-MeIm/Zn2+ ratio of 1 (sample 1-(MeIm/Zn)@spruce(C)).  

 

Figure 3. Surface roughness of native wood and functionalized wood samples. (A-F) 3D 

surface profiles obtained by optical profilometry for (A) cross-cut native balsa, (B) cross-cut 
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native spruce, (C) tangential-cut native spruce veneer, (D) radial-cut native spruce, (E) 

PDMS@spruce(C), (F) 20-ZIF-8@spruce(C). (G-J) AFM results for 1-(MeIm/Zn)@spruce(C) 

and ZIF-8@spruce(C) samples. The 2-MeIm/Zn2+ ratio is increased from 1 to 5, 10, 20, 

respectively. 

 

Higher surface roughness usually results in an increased effective surface area, thus improving 

the electrical performance of a TENG.10,35 However, an excessively rough surface can produce 

tip-to-tip contacts between the triboelectric materials, causing incomplete contact and 

consequently decreasing the electrical output.36 Hence, control of surface roughness is vital for 

TENGs. Although the real contact area may be proportional to surface roughness, its 

quantitative analysis remains an open challenge due to the many factors that need to be taken 

into account (such as applied mechanical load, number of microcontacts, and conductance 

between the surfaces).37 38 Therefore, a more empirical approach is conventionally adopted, in 

which differences in the electrical output are directly related to changes in surface morphology 

and roughness. Surface roughness can be increased by surface micro/nano-structuration 

techniques, including photolithography templates, nanoimprint, and physical/chemical 

etching.39-41 However, these methods require complex processes and dedicated instrumentation. 

Here we take advantage of the variety of wood's microstructures to generate unique micro/nano 

roughness through its functionalization with ZIF-8 nanocrystals and PDMS. 

Figure 3A,B, and Figure S12 show 3D surface profiling images of cross-cut native balsa, spruce, 

and yew, respectively. As shown in Table S3, different wood species, cut with the same 

directions, lead to different surface roughness. Native balsa(C) has the highest average 

roughness (Ra) value of 11.9 µm, while native yew(C) the lowest (6.5 µm). Figure 3C,D show 

3D surface profiling images of tangential- and radial-cut native spruce, respectively. Compared 

to the Ra value of native spruce(C) (11.4 µm), native spruce(R) and native spruce(T) have much 

lower Ra values, respectively of 6.3 and 7.6 µm (Table S3). The higher Ra value of cross-cut 

wood samples may result from their highly porous structure. These different Ra parameters are 

representative of the inherent roughness of the wood surface, which originates from the specific 

arrangement of microscale cells. As shown in Figure 3E, Figure S13 and Table S3, the wood 

surface roughness after coated with PDMS is significantly reduced at the microscale, consistent 

with SEM results. Modifying the wood scaffold with ZIF-8 reduced by a certain extent the 

overall microscale roughness (Figure 3F, Figure S14 and Table S3), but at the same time 

increased the nanoscale surface roughness. This change of nanoscale roughness was 

investigated by atomic force microscopy (AFM), imaging on the earlywood’s cell wall of cross-
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cut spruce with a scan size of 2.5 µm × 2.5 µm. As shown in Figure 3G-J and Table S4, when 

the 2-Melm/Zn2+ ratio increased from 5 to 20, the Ra of ZIF-8@wood increased gradually from 

169.1 nm to 286.5 nm. When the 2-Melm/Zn2+ ratio is 1, the Ra of 1-(MeIm/Zn)@spruce(C) 

has a lowest value of 37.1 nm. Modification with in situ grown ZIF-8 can be a valid method to 

adjust the surface nano-roughness of triboelectric materials. In the following, we show that the 

modification of wood both with ZIF-8 and with PDMS plays an essential role in enhancing the 

electrical output of our FW-TENG by improving the surface roughness.  

 

Figure 4. Effect of different parameters on the triboelectric performance of FW-TENG. (A-D) 

Effect of different parameters on the open-circuit voltage of functionalized wood TENGs. All 
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samples are tested against radial-cut native wood (reference material). (A) ZIF-8@spruce(C) 

samples: effect of the 2-MeIm/Zn2+ ratio. In addition, the 1-(MeIm/Zn)@spruce(C), which does 

not form ZIF-8 shows lowest Voc. (B) ZIF-8@spruce: effect of cutting direction. A constant 2-

MeIm/Zn2+ ratio of 20 is used. (C) PDMS@wood samples: effect of the wood species. (D) 

PDMS@wood samples: effect of cutting direction. (E) Open-circuit voltage and (F) short-

circuit current for an optimized FW-TENG made of 20-ZIF-8@spruce(R) and 

PDMS@spruce(R). 

 

The triboelectric performance of native and functionalized wood samples was systematically 

evaluated with a Keithley 6514. The sample to be tested was paired with a piece of radial-cut 

native spruce as reference material to make a TENG with a simple vertical contact-separation 

design. The surface area was kept constant (2 cm × 3.5 cm), and the force applied was 50 N. As 

shown in Figure 4A and Figure S15, the electrical output of ZIF-8@spruce(C) gradually 

increases for increasing 2-MeIm/Zn2+ ratios, reaching a maximum open-circuit voltage (Voc) 

of 3.2 V and short-circuit current (Isc) of 0.037 µA for a 2-MeIm/Zn2+ ratio of 20. This result 

may be attributed to the tribopositive nature of ZIF-8 and the gradual increase of nanoscale 

roughness observed, when the size of ZIF-8 nanocrystals grown onto wood is increased by using 

higher MeIm/Zn2+ ratios. To demonstrate the superior properties of in situ ZIF-8 growth 

compared to physical deposition, a 20-ZIF-8@spruce(C) sample was prepared by physical 

coating and its triboelectrical performance was evaluated. The open-circuit voltage was much 

lower (Voc = 1.1 V) compared to that of a sample prepared by chemical coating (Voc = 3.2 V). 

We attribute this decreased performance to the less homogeneous distribution of ZIF-8 

nanoparticles and their reduced interaction with the wood scaffold (Figure S16). After selecting 

the most suitable 2-MeIm/Zn2+ ratio and composite preparation method, we investigated the 

effects associated with the wood scaffold, including the choice of wood species and cutting 

direction. Since balsa wood modified with ZIF-8 shrinks considerably, its electrical output has 

not been measured. Regarding the electrical output of ZIF-8@yew(C) samples, as shown in 

Figure S17, 20-ZIF-8@yew(C) tends to generate Voc and Isc values similar to those of 20-ZIF-

8@spruce(C). However, yew is less available and more expensive compared to spruce, making 

spruce a better candidate for large-scale applications. For this reason, ZIF-8 was grown on 

radial- and tangential-cut spruce to investigate the influence of the cutting directions on the 

electrical performance of ZIF-8@spruce composites. As shown in Figure 4B and Figure S18, 

20-ZIF-8@spruce(R) and 20-ZIF-8@spruce(T) generated a higher electrical output than 20-

ZIF-8@spruce(C). This result may be attributed to the highly porous structure of cross-cut wood 
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scaffolds, with big, deep pores (tracheid lumina) that reduce the effective contact surface areas. 

The highest Voc and Isc values generated by 20-ZIF-8@spruce(R) are 6.0 V and 0.07 µA, 

respectively. A control experiment, in which two pieces of native radial-cut spruce were 

assembled into a TENG, was made to evaluate the impact of ZIF-8 modification on the electrical 

performance of wood. As shown in Figure S19, this native wood-TENG generated ultra-low 

Voc and Isc under 50 N, respectively 0.3 V and 0.004 µA, resulting from poor polarizability of 

wood and the weak triboelectrification effect between two identical materials. It is clear from 

these results that the functionalization with ZIF-8 significantly increases the electron-donating 

ability of wood, incrementing the electrical output of about 20 times. Conversely, modification 

of wood with PDMS gave it a strong electron-accepting behavior. The three wood species 

(spruce, balsa, yew) were cross-cut and coated with PDMS, and assembled in a TENG against 

radial native spruce as reference material, all other parameters being the same as discussed for 

the ZIF-8@wood samples. As shown in Figure 4C and Figure S20, PDMS@spruce(C) performs 

best while PDMS@yew(C) generates the lowest electrical output. These results may be 

attributed to the effect of surface roughness, as PDMS@yew(C) has a much smoother surface 

than PDMS@spruce(C). Spruce was then selected to further investigate the effect of cutting 

direction. Figure 4D and Figure S21 show that radial-cut spruce wood coated with PDMS 

generates a maximum Voc and Isc values of 18.5 V and 0.25 µA, respectively. These results 

indicate that coating PDMS on wood greatly increases the electron-accepting ability of wood, 

with an increment of the electrical output of over 60 times. The modification with ZIF-8 and 

PDMS enhances the tribopolarity of wood to opposite directions, allowing widening the 

spectrum of triboelectric behavior (Figure S22). As shown in Figure 4E,F, an optimized FW-

TENG made with a pair of 20-ZIF-8@spruce(R) and PDMS@spruce(R) samples (each with 

dimensions 2 cm × 3.5 cm) could generate maximum Voc and Isc of 24.3 V and 0.32 µA, 

respectively, an output which is over 80 times higher than that of a native wood TENG. The 

transferred charge density of the FW-TENG is shown in Figure S23, with a peak value of 

12 μC m−2.  

We wanted to improve the triboelectric properties of wood without losing its compelling merits 

as a building material, such as mechanical robustness and warm colors, even at the price of a 

relatively lower electrical performance. For this reason, the thickness of wood used in our work 

is much higher compared to that of more conventional triboelectric materials.42,43 This weakens 

the electrostatic induction effect, reducing the electrical output.  
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Figure 5. Power output and performance of normal- and large-scale FW-TENGs. (A)Voltage 

profile of capacitors (0.1 μF, 0.47 μF, 2.2 μF) when charged by the optimized FW-TENG. (B) 

Electrical output performance of the optimized FW-TENG with an external loading resistance. 

Inset: power density. (C) Open-circuit voltage and (D) Short-circuit current of the larger-scale 

optimized FW-TENG (10 cm × 8 cm) under a force of 50 N. (E) Ultimate tensile strengths and 

(F) stiffness of native spruce(R) and ZIF-8@spruce(R), PDMS@spruce(R), and pure PDMS 

film. 
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Decresing the thickness is one possible approach to improve the performance of our FW-

TENG.42 Another possibility is to use a different configuration for the PDMS@wood, such as 

the one shown in Figure S24B, in which the copper foil electrode is placed directly between 

PDMS and wood. We evaluated the performance of a FW-TENG in this new configuration by 

pairing the new PDMS@spruce(R) with a 20-ZIF-8@spruce(R), all the other parameters being 

the same. The output was indeed higher, with a Voc of 80 V and an Isc of 1 μA (Figure S24C,D), 

but this is not the only difference. In this configuration wood acts purely as a mechanical support 

for the soft PDMS film. The advantages brought by the use of wood as a microstructuring 

template, enhancing the surface roughness of PDMS at the micro- and nanoscale, could be kept 

only by using a highly compliant conductive material as the electrode, for example by 

substituting the copper foil with e.g. silver ink. By contrast, in our original configuration (Figure 

S24A), the microstructure of wood can always be used regardless of the nature of the electrode. 

Since this new configuration sacrifices some of the merits of wood and, to a certain degree, 

lacks useful insight for tuning the triboelectric properties of wood itself, in the present study we 

focused on the original configuration, knowing that more dedicated research will be needed to 

efficiently solve the trade-off dilemma between mechanical strength of wood and its 

triboelectrical performance.  

A long-term cyclic test was performed to evaluate the mechanical stability of the optimized FW-

TENG under a constant force of 50 N. As shown in Figure S25, the output Voc was stable at 

approximately 24.3 V with minor fluctuations for up to 1500 cycles, indicating good stability. 

The electricity produced by our FW-TENG could be used to power directly small electronic 

devices, or could be stored, e.g., in a capacitor, for later use. As shown in Figure 5A, commercial 

capacitors with three different capacities (0.1 μF, 0.47 μF, and 2.2 μF) were charged using the 

optimized FW-TENG. In 30 s, the 0.1 μF capacitor could reach 8.9 V, the 0.47 μF capacitor 

could reach 2.2 V, while the 2.2 μF capacitor could only reach 0.48 V. External resistors varying 

from 0.1 to 120 MΩ were connected to the FW-TENG to measure its actual power. As shown 

in Figure 5B, the voltage gradually increases when the resistance is increased, and eventually 

reaches a plateau. A maximum instantaneous power of 7.3 µW (corresponding to a power 

density of 10.4 mW m-2) was obtained with an optimized load resistance of 80 MΩ. Scalability 

is a parameter of great importance to enable applications of TENGs in smart buildings. The 

scalability of our optimized FW-TENG was then demonstrated by increasing the size of the 

functionalized wood samples to 10 cm × 8 cm. These large-scale samples of PDMS@wood and 

ZIF-8@wood were prepared with the same protocols used for the small samples. As shown in 

Figure 5C and D, this large-scale FW-TENG can generate a Voc and Isc of 79.6 V and 0.94 µA 
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under a force of 50 N, demonstrating its suitability for application in energy-generating 

floorings. Recent developments in wood- or cellulose-based TENGs are summarized in Table 

S5.44,45 Previous efforts focused on coupling wood or cellulose with highly polarizable materials, 

such as PTFE, to maximize the electrical output. However, using expensive and non-

biodegradable synthetic polymers makes large-scale applications (e.g. as building floorings) of 

such TENGs unsustainable from both the economic and environmental perspective. Our 

functionalized wood-TENG shows an average electrical output, but has the advantage of 

reduced materials cost and environmental impact, and it may be of inspiration for future studies 

on tuning wood tribopolarity. 

 

Figure 6. Practical smart home applications of our TENG. (A) Schematic representation and 

(B) photo of a big optimized FW-TENG (45 cm × 20 cm) made of six pairs of opposite tribo-

polarities functionalized wood, was used to power (C) a household lamp (2W, E14), (D) the 

smart window of a model wooden house and (E-F) a calculator. 
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Mechanical strength is another important factor for materials to be used in building applications. 

Therefore, the optimized composites were characterized also by means of tensile tests (Figure 

5E and F). The ultimate tensile strengths of ZIF-8@spruce(R) and PDMS@spruce(R) were 91.4 

± 20.7 MPa and 79.5 ± 11.4 MPa, values comparable to that of native spruce(R) (91.4 ± 

13.6 MPa). For comparison, pure PDMS films with the same shape and thickness were also 

tested. Their ultimate tensile strength is more than an order of magnitude lower (3.4 ± 1.7 MPa), 

making them unsuitable for building applications. Stiffness values (Figure 5F) of ZIF-

8@spruce(R) and PDMS@spruce(R), respectively 13.5 GPa and 11.7 GPa, were also high, 

slightly lower compared to native spruce(R) (15.4 GPa). Without the support of a wood scaffold, 

the elastic modulus of pure PDMS films is only 2 MPa.  

Moreover, the natural wood surface color is preserved both after the in situ growth of ZIF-8 and 

spin-coating of PDMS, as can be seen in Figure S26 and by the small color change (ΔE*) values 

listed in Table S6. This is especially important for indoor building applications, in which the 

warm colors of wood are highly appreciated.46 

As schematically represented in Figure 6A, many large-scale optimized FW-TENGs can be 

assembled, connecting more elements in series or in parallel to maximize the electrical output 

allowing to power more energy-intensive devices. To further demonstrate the up-scaling 

potential of our FW-TENGs for integration in smart buildings, we fabricated a triboelectric 

wooden floor demonstrator made of six electrically connected optimized FW-TENGs (10 cm x 

8 cm each). As shown in Figure 6B and Figure S27, copper foils with a size of 30 cm × 16 cm 

were attached to the back of 20-ZIF-8@spruce(R) and PDMS@spruce(R) samples, respectively. 

Then, the copper foil on each side was covered with a larger native wood veneer (35 cm × 20 

cm × 0.1 cm). Conductive wires were led out from the copper foils and directly connected to a 

household lamp (2 W, E14). As shown in Figure 6C and Video S1, the lamp could be readily 

switched on when the wood floor prototype was walked upon by a human adult. Figure 6D and 

Video S2 display the powering of an electrochromic window in a small model house. The 

window is initially opaque, and becomes transparent when the FW-TENG is pressed by hand. 

As previously mentioned, the electricity produced could be stored in capacitors. Thus, a circuit 

connecting the FW-TENG model floor with a commercial full-wave bridge rectifier was 

designed to power a commercial calculator with the assistance of a 0.1 μF capacitor, as depicted 

in Figure 6E. In the beginning, the capacitor is empty. The demonstrator was repeatedly pressed 

for a few seconds, then the calculator could be connected to the capacitor to be powered (see 

Figure 6F and Video S3). These proof-of-concept applications demonstrate that applicability of 

large-scaled FW-TENGs in smart buildings. 
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3 Conclusion 

We demonstrated that the otherwise negligible triboelectric behavior of native wood could be 

strongly enhanced by functionalization with ZIF-8 and PDMS, making it possible to fabricate 

self-powering floors with enhanced wood TENG for smart homes. Compared to native wood, 

ZIF-8@wood is 20 times more tribopositive, while PDMS@wood is about 60 times more 

tribonegative. These dramatic changes of tribopolarity are attributed to physical changes 

(surface morphology and an increase of contact surface area by the treatment) and chemical 

changes (caused by introducing efficient electron-acceptor and electron-accept species). Two 

wood samples (20 × 35 × 1 mm3), one functionalized with ZIF-8 and the other coated with 

PDMS, could generate a maximum open-circuit voltage of 24.3 V and a short-circuit current of 

0.32 μA under a relatively small force of 50 N, which is 80 times higher than that generated by 

native wood.  The output electricity could be increased by assembling six larger-size wood 

TENG (100 × 80 × 1 mm3), sufficient to drive both household LED lamps and calculators. 

Furthermore, our wood TENG could power smart electrochromic windows to modulate sunlight 

transmittance, reducing the energy consumption for lighting. Both functionalization techniques, 

in situ growth of ZIF-8 and spin-coating of PDMS, preserved to a great extent the compelling 

properties of wood (e.g. mechanical stability and warm colors) making the resulting materials 

suitable for high-end building applications. The efficient electrical output, the sustainability and 

scalability of radial-cut wood may contribute to the design of next-generation of sustainable 

power supplies in smart buildings.  

4 Experimental Section 

Materials  

Cross-sections of native wood species, including Norway spruce (Picea abies), Balsa (Ochroma 

pyramidale), and European yew (Taxus baccata) with the dimensions of 35 mm × 20 mm × 1 

mm (radial × tangential × longitudinal, R × T × L) were cut by a laser cutter (Trotec, speedy 

300). Radial sections and tangential sections of native wood with the dimensions of 20 mm × 1 

mm × 35 mm (R × T × L) and of 1 mm × 20 mm × 35 mm (R × T× L) were cut by saw, 

respectively. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%), methanol (≥99.9%) and ethanol 

(≥99.8%) were purchased from Sigma-Aldrich. 2-Methylimidazole (2-MeIm, 97%) and sodium 

hydroxide (NaOH) were provided by Thermo Fisher GmbH. Poly(dimethylsiloxane) (PDMS, 

Sylgard 184) prepolymer and curing agent were supplied by Dow Corning Co., Ltd. (Michigan, 

USA). All chemicals were used as received. 

Synthesis of ZIF-8@wood 
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The preparation of ZIF-8@wood samples was adapted from a method reported by Tu et al.19 

Native wood samples were pretreated by immersion in a 15% w/v NaOH aqueous solution for 

1 h. The wood samples were first washed with water and then immersed in a NaOH solution 

(pH = 9) until pH stabilized. These pretreated wood samples were submerged in a mixture of 

0.002 mol Zn(NO3)2, 20 g methanol, and 3 g deionized water for two hours to ensure a sufficient 

ion exchange between Zn and Na ions. A mixture of 0.04 mol 2-MeIm, 20 g methanol, and 3 g 

deionized water was subsequently added to the above solution. Stirring at room temperature for 

24 h led to the ZIF-8@wood composite. The composite was then rinsed with methanol to 

remove the unreacted precursors (until the washing solution was transparent), followed by 

drying in the vacuum-oven at 103°C for 24 h. The 2-MeIm/Zn2+ molar ratio in the precursor 

solution ranged from 1, 5, 10 to 20, and the corresponding names of the composites are 1-

(MeIm/Zn)@spruce(C), 5-ZIF-8@wood, 10-ZIF-8@wood, and 20-ZIF-8@wood.  

Fabrication of PDMS@Wood  

The PDMS solution was prepared by mixing the Sylgard 184 elastomer with the curing agent 

in 10:1 proportion and stirring for 1 min. After that, the PDMS mixture was kept in a vacuum 

for 20 min to remove air bubbles. The as-prepared mixture of PDMS was coated on the wood 

by spin coating at 2000 rpm for 30 s, and eventually cured at 60°C for two hours. 

20-ZIF-8@spruce(C) prepared by physical coating  

Solutions of Zn(NO3)2·6H2O (0.002 mol) and 2-MeIm (0.04 mol) were prepared by dissolving 

each reactant in a mixture of 20 g methanol and 3 g deionized water. These two solutions were 

mixed together and stirred at room temperature for 24 h. After washing with methanol (3 × 60 

cm3), the 20-ZIF-8 particles were dispersed in 50 g methanol to form a 20-ZIF-8 suspension. 

20-ZIF-8@spruce(C) samples were obtained by immersing native spruce(C) into the as-

prepared 20-ZIF-8 suspension for 1 min, followed by drying at 103°C under vacuum. 

Device fabrication 

A triboelectric wooden floor demonstrator was made of six pairs of optimized 20-ZIF-

8@spruce(R) and PDMS@spruce(R) samples (10 cm × 8 cm each piece). Commercial copper 

foil (30 cm × 16 cm), were attached to the back of six 20-ZIF-8@spruce(R) (30 cm × 16 cm in 

total) and six PDMS@spruce(R) (30 cm × 16 cm in total) samples, respectively. Finally, the 

copper foil on each side was covered with a larger native wood veneer (35 cm × 20 cm × 0.1 
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cm). Conductive wires were led out from the copper foils and directly connected to the testing 

instrument or external electronic devices. 

Characterization techniques  

Scanning Electron Microscopy (SEM): Wood samples were cut into small cubes of 5 mm × 5 

mm ×1 mm. Then they were put into a vacuum oven at 103℃ for 2 hours for drying. Afterward, 

the wood samples were coated with 10 nm Pt/Pd (80/20) film using a sputter coater (CCU-010, 

Safematic, Switzerland) to make the surface conductive. The structure of the samples was 

characterized by field emission scanning electron microscopy (FEI Quanta 200F). 

Atomic Force Microscopy (AFM): AFM imaging was carried out using a NanoWizard 4 (JPK 

Instruments AG - Bruker Nano GmbH, Germany) at 20°C and 65% RH climate room. The 

cross-cut wood samples were glued on a glass slide. Measurements were performed in 

alternating contact mode (AC mode), using rectangular-shaped silicon cantilevers (NCHR-10, 

Nano World, Switzerland) with a resonant frequency of 320 kHz and a nominal spring constant 

of 42 N m-1. A scan size of 2.5 µm × 2.5 µm and a resolution of 256 × 256 pixels were used. 

Imaging was performed at a gain range from 150.0 to 350.0, scanning rates of 0.5 Hz, and 

setpoint amplitudes of 65 to 75% of the free oscillation amplitude. All images were plotted 

using the Gwyddion software (v 2.57).  

Optical Profilometry: 3D images of W-TENG samples were acquired with a Sensofar Plu Neox 

optical profilometer (Seonsofar, Spain). The optical profiling instruments employed a 20× 

objective with a light beam and scanned under a resolution of 768 × 576 pixels. The scan size 

was 636.61 × 477.25 µm2, and the Z scan was between 80 and 150 µm with a threshold of 0.2%. 

Data were plotted using Gwyddion software (v 2.57), in which a smaller size (300 µm × 200 

µm) was selected. 

Fourier transform infrared spectroscopy (FTIR): Thin wood samples were analyzed with an 

ATR-FTIR spectrometer (Bruker Tensor 27) equipped with an ATR module over the scan range 

of 400 to 4000 cm−1 to see the composition of the chemical change of sample surface upon 

PDMS and ZIF-8 modification. Before using baseline concave rubberband correction method 

to do baseline correction, the spectra from five samples were averaged. Data were normalized 

in the OPUS software and plotted in OriginPro 9.6. 

X-ray powder diffraction (XRD): The crystal structure of ZIF-8@wood was studied by XRD 

(Panalytical X’Pert PRO MPD) using Cu Kα radiation (λ = 1.5406 Å). Small cross-cut ZIF-

8@spruce samples with a thickness of 1 mm, a length of 2 cm, and a width of 1 cm were used 
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for the measurements. The diffraction data was conducted with an angular step size of 0.03° 

and a counting time of 1 s per step and recorded in the 2range 5-70° range. 

Inductively coupled plasma-optical emission spectrometry (ICP-OES): ICP-OES was 

conducted using a Horiba Ultra 2 instrument equipped with photomultiplier tube detection. The 

samples were digested in a MLS turboWave® microwave by heating the material (ca. 10-15 mg) 

in 3 cm3 of a 3:1 volumetric mixture of HNO3 (Sigma-Aldrich, ≥65 wt.%) and H2O2 (Sigma-

Aldrich, 35 wt.%) to 533 K for 50 min with a maximum power of 1200 W and a loading 

pressure of 70 bar. The obtained clear solutions were filtered and diluted to 25 mL with ultrapure 

water prior to analysis. The mass percentage of ZIF-8 was calculated from the measured Zn 

content assuming an ideal stoichiometry for ZIF-8 (C8H10N4Zn). The error was estimated as the 

standard deviation of three independent measurements. 

Measurement of electrical output: A linear motor (PL01-28x500/420) was used to load the 

samples with a fixed force. At the same time, a loading cell was mounted on the rigid frame of 

the motor to monitor the pressure applied to the samples. The electrical output was measured 

by a Keithley 6514, equipped with a Matlab software.  

Mechanical Tensile Testing: Tensile tests were conducted on a Zwick/Roell Z010 universal 

testing machine. The measurements were made with a 10 kN and a 1 kN load cell for the wood-

based samples and the PDMS-film (1 mm thickness), respectively. The samples were cut into 

dog bone shape according to ISO 527-347 specimen type 5 parallel to the fibre direction. 

Additionally, spruce tags were glued to the grip section of the samples as reinforcement. The 

testing speed was 0.4 mm/min. The E-Modulus was calculated by the slope of a linear regression 

in the range between 10-40% of the maximal force.  

Measurement of color changes: Changes in color of wood surface were measured with a 

Minolta spectrophotometer (CR200, Japan) using the CIE L*a*b* system based on the ISO 

7724 standard test method.48 The average values of the color parameters were obtained by 

measuring ten different positions for each sample. In the CIE L*a*b* system, L represents 

lightness, a and b represent chromaticity parameter. The overall color change (ΔE*) was 

calculated according to the following equation (eq. 2): 

ΔE∗ = √Δa2 + Δb2+ΔL2  (2) 

where ΔL, Δa, and Δb represent the changes in L, a, and b between the values of native wood 

and plasma treated wood, respectively. A lower ΔE* value corresponds to a lower color change.  
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Supplementary Information 

 

 

Figure S1. Schematic representation of the working mechanism of our functionalized wood 

TENG. 

 

 

Figure S2. SEM images of the cross-section of different native wood species used for porosity 

analysis. (A) SEM images of native balsa(C). (B) SEM images of native spruce(C). (C) SEM 

images of native yew(C). 

 

Table S1. Pore area and porosity of different wood species (calculated with ImageJ). 

 Wood species 

 Balsa Spruce Yew 

Image size (µm2) 1200000 1200000 1200000 

Sum area of pores 

(µm2) 
763071.164 568799.624 191043.017 

Porosity 64% 47% 16% 
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Figure S3. Representative SEM images of the cross-section of native wood samples cut by laser 

(L × R × T: 1 mm × 35 mm × 20 mm). (A) SEM images of native balsa(C). (B) SEM images of 

native yew(C)  
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Figure S4. SEM images of functionalized wood samples with different 2-MeIm/Zn2+ molar 

ratio. (A) SEM images of 1-(MeIm/Zn)@spruce(C). (B) SEM images of 5-ZIF-8@spruce(C).  

(C) SEM images of 10-ZIF-8@spruce(C). (D) SEM images of 20-ZIF-8@spruce(C). 
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Figure S5. Particle size distribution of ZIF-8@spruce(C) with different 2-MeIm/Zn2+ molar 

ratio. (A) Particle size distribution of 5-ZIF-8@spruce(C). (B) Particle size distribution of 10-

ZIF-8@spruce(C). (C) Particle size distribution of 20-ZIF-8@spruce(C). 
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Figure S6. Representative SEM images of 20-ZIF-8@yew(C). 

 

 

Figure S7. Photos of cross-cut balsa wood before and after ZIF-8 modification, showing the 

sample shrinkage. 

 

 

Figure S8. Representative SEM images of PDMS@yew(C).  
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Figure S9. Representative SEM images of PDMS@wood(C) samples (tangential sections) 

showing the distribution of the PDMS film on a cross-section of different wood species. (A) 

SEM images of PDMS@spruce(C) samples (tangential sections). (B) SEM images of 

PDMS@balsa(C) samples (tangential sections). (C) SEM images of PDMS@yew(C) samples 

(tangential sections).  

 

 

Figure S10. FTIR results for 1-(MeIm/Zn)@spruce(C), 5-ZIF-8@spruce(C), 10-ZIF-

8@spruce(C), and 20-ZIF-8@spruce(C). 
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Figure S11. XRD results for native spruce cut with different approaches (saw, laser) from 

different directions, showing the impact of cut direction on the intensity of cellulose peaks. 

 

Figure S12. 3D surface profile of native yew(C) obtained by optical profilometry. 
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Figure S13. 3D surface profiles of PDMS@wood(C) obtained by optical profilometry. (A) 3D 

surface profiles of PDMS@yew(C). (B) 3D surface profiles of PDMS@balsa(C). (C) 3D 

surface profiles of PDMS@spruce(R). (D) 3D surface profiles of PDMS@spruce(T).  

 

 

Figure S14. 3D surface profiles of 20-ZIF-8@spruce obtained by optical profilometry. (A) 

3D surface profiles of 20-ZIF-8@spruce(R). (B) 3D surface profiles of 20-ZIF-8@spruce(T).   



 

121 

Table S2. Zn content and MOF loading determined by ICP-OES for ZIF-8@wood samples 

prepared with different 2-MeIm/Zn2+ molar ratios. 

Sample name Zn / wt% Calculated MOF 

loading / wt.% 

Standard 

deviation / wt.% 

native wood - - - 

1:1 1.5 * * 

1:5 3.2 11.0 0.4 

1:10 2.7 9.3 0.7 

1:20 2.5 8.8 0.3 

*According to XRD results, ZIF-8 is not formed in these conditions. Nevertheless, a zinc-based material is formed 

on the wood substrate as shown also by SEM.  

 

 

Table S3. Surface roughness obtained for different native and modified wood samples, 

measured by optical profilometry. 

Sample names Ra (µm) 

Spruce (C) 11.4 

Balsa (C) 11.9 

Yew (C) 6.5 

Spruce (R) 7.6 

Spruce (T) 6.3 

20-ZIF-8@spruce (C) 5.5 

20-ZIF-8@spruce (R) 4.4 

20-ZIF-8@spruce (T) 3.8 

PDMS@spruce (C) 4.2 

PDMS@spruce (R) 2.5 

PDMS@spruce (T) 1.4 

PDMS@balsa (C) 4.7 

PDMS@yew(C) 0.9 
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Table S4. Roughness of 1-(MeIm/Zn)@spruce(C) and ZIF-8@wood samples measured by 

AFM. 

Sample names Ra (nm) 

1-(MeIm/Zn)@spruce(C)  37.1 

5-ZIF-8@spruce(C) 169.1 

10-ZIF-8@spruce(C) 233.5 

20-ZIF-8@spruce(C) 286.5 

 

 

 

Figure S15. Short-circuit current of wood-TENG composed of a piece of native spruce(R) 

against a piece of ZIF-8@spruce(C) synthesized with different 2-MeIm/Zn2+ ratios. It is worth 

mentioning that the 1-(MeIm/Zn)@spruce(C), which does not form ZIF-8 on wood generates 

the lowest Isc. 
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Figure S16. Electrical performance and the morphology of ZIF-8@spruce(C) obtained by 

physical coating. (A) Short-circuit current of wood-TENG made of a piece of native spruce(R) 

against a piece of ZIF-8@spruce(C) obtained by physical coating. (B) SEM image of ZIF-

8@spruce(C) obtained by physical coating. 

 

Figure S17. Electrical performance of wood-TENG composed of a piece of native spruce(R) 

against a piece of 20-ZIF-8@yew(C). (A) Open-circuit voltage. (B) Short-circuit current.  
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Figure S18. Short-circuit current of wood-TENG made of a piece of native spruce(R) against 

a piece of 20-ZIF-@spruce in different sections.  

 

 

 

Figure S19. Electrical performance of wood-TENG made with two pieces of native spruce (R). 

(A) Open-circuit voltage. (B) short-circuit current. 
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Figure S20. Short-circuit current of wood-TENG made with a piece of native spruce(R) paired 

to a piece of PDMS@yew(C), PDMS@balsa(C), and PDMS@spruce(C), respectively.   

 

 

Figure S21. Short-circuit current of wood- TENG made with a piece of native spruce(R) paired 

to a piece of PDMS@spruce cut in different directions. 
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Figure S22. Relative position of native, ZIF-8-modified and PDMS-modified wood in the 

triboelectric series. 

 

 

 

Figure S23. Transferred charge density for an optimized FW-TENG made of 20-ZIF-

8@spruce(R) and PDMS@spruce(R) couples. 
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Figure S24. Illustration of the PDMS@ spruce(R) with different configurations and electrical 

performance of the PDMS@ spruce(R) with (“new”) configuration. (A) Illustration of the 

PDMS@ spruce(R) with the original configuration adopted in the present study. In this case, an 

electrode (commercial copper foil) is attached to the bottom of the wood, which will not hinder 

the utilization of the wood's microstructure. (B) Illustration of the PDMS@ spruce(R) with a 

different (“new”) configuration, where the electrode is placed between PDMS and wood, which 

may hinder wood's microstructure utilization. (C) Open-circuit voltage of a TENG, made of a 

piece of 20-ZIF-8@spruce(R) paired with PDMS@spruce(R) using the “new” configuration, 

all the other parameters being the same. (D) short-circuit current of a TENG, made of a piece 

of 20-ZIF-8@spruce(R) paired with PDMS@spruce(R) using the “new” configuration, all the 

other parameters being the same. 
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Figure S25. Cycling stability of our FW-TENG. 

 

Table S5. Wood- and cellulose-based TENGs in previous literature 

Triboelectric 

material 1 

Triboelectric 

material 2 

Output 

performance 

Size Other 

parameters 

Ref. 

Natural wood PTFE Voc = 220 ± 20 V 

Isc= 5.8 ± 0.5 µA 

64  cm2 -, 2 Hz 6 

Paper Kapton film Voc = 200V 

Isc= 2.2 µA 

- - , -  7 

CNF  Silver 

nanowires 

Voc = 21V 

Isc= 2.5 µA 

9 cm2 16.8 N force,  

1 Hz 

8 

Delignified 

wood 

PTFE Voc = 81 v 

Isc= 1.8µA 

9 cm2 20 N force, 

1 Hz 

17 

CNF aerogel 
 

Porous 

PDMS 

Voc = 22.3 V 

Isc= 2.2 µA 

2 cm2 6 N force,  

10 Hz  

42 

Cellulose 

acetate 

PTFE Voc = 4.5 V 

Isc = 9.1 µA 

8 cm2 0.33 N force,  

- 

43 

PTFE: poly(tetrafluoroethylene); CNF: cellulose nanofibrils; PDMS: poly(dimethylsiloxane); 

- : not provided. 
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Figure S26. Photographs of native wood, ZIF-8@wood, and PDMS@wood, respectively. 

 

 

Table S6. Color changes of wood before and after ZIF-8 and PDMS treatment. 

 

 

 

 

 

 

 

Figure S27. Photograph of a large-scale triboelectric wooden floor prototype (45 cm × 20 cm) 

made with six FW-TENGs electrically connected together. 

  

 Native wood ZIF-8@ wood PDMS@wood 

ΔL 0 -2.42 ± 1.63 -0.91 ± 1.35 

Δa 0 -3.15 ± 0.92 -0.93 ± 0.75 

Δb 0 5.78 ± 1.3 2.41 ± 0.85 

ΔE* 0 7.01 ± 2.21 2.74 ± 1.77 
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Abstract  

The development of controlled processes for continuous hydrogen generation from solid-state 

storage chemicals such as ammonia borane is central to integrating renewable hydrogen into 

the clean energy mix. However, to date most reported platforms operate in batch mode, posing 

a challenge for controllable hydrogen release, catalyst reusability and large-scale operation. To 

address these issues, we developed flow-through wood-based catalytic microreactors, 

characterized by inherent natural orientated microchannels. The prepared structured catalysts 

utilize silver‑promoted palladium nanoparticles supported on metal-organic framework (MOF) 

coated wood microreactors as the active phase. Catalytic tests demonstrate their high 

controllable hydrogen production in continuous mode and by adjusting the ammonia borane 

flow and wood species, we reach stable productivities of up to 10.4 cm3
H2 min−1 cm−3

cat. The 

modular design of the structured catalysts proves readily scalable. Our versatile approach is 

applicable for other metal and MOF combinations, thus comprising a sustainable and scalable 

platform for catalytic dehydrogenations and applications in the energy-water nexus. 

Keywords:  

structured catalyst, wood, metal-organic framework, hydrogen generation, flow reactor 

 

1 Introduction 

Green hydrogen (H2) as a sustainable and clean energy source is an emerging choice to 

substitute fossil fuels towards a carbon-neutral world.1,2 Hence, the development of green and 

renewable hydrogen solutions represents one of the key points in the “European Green Deal”.3 

However, efficient storage, safe transportation, and controllable release of H2 remain ongoing 

challenges.4,5 In this regard, solid and liquid hydrogen storage chemicals gain interest as 

promising candidates for onboard hydrogen applications.6 For example, ammonia borane 

(NH3BH3) possesses unique properties, such as a gravimetric capacity of 19.6 wt.% H2, 
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water-solubility, safe handling and transportation in the dry state, nontoxicity, and chemical 

stability.7 In the presence of suitable metal-based catalysts, room-temperature hydrolysis or 

methanolysis permits hydrogen release.8-11 Reported systems can be both noble- and base-

metal-based,12,13 and synergistic effects have been evidenced for bimetallic systems including 

CuRu,14 PtCu,15 AgPd,16,17 as well as NiRu.18 In particular, AgPd stands out due to its high 

catalytic activity compared to other monometallic and bimetallic systems.19-21 In order to avoid 

metal aggregation during the reaction and hence enhance the catalytic activity, metal-organic 

frameworks (MOFs) have been proposed as supports for alloy nanoparticles, such as 

AgPd/UiO-66 and AuCo/MIL-101.20,22 Their extraordinarily high surface area, well-defined 

pore structure, and high porosity enable MOFs to stabilize metal nanoparticles while 

maintaining the accessibility for reagents.23-25  

Most reported studies utilize catalysts in powder form, which causes multiple drawbacks, such 

as metal aggregation and metal loss during catalyst recovery, which can significantly reduce 

their catalytic activity.26,27 Moreover, the catalysts separation from the reaction mixture is a 

complex operation, impeding a successful  process control, which is essential for safe hydrogen 

generation in practical applications.28,29 Alternatively, structured catalysts based on depositing 

metal catalysts on porous supports were developed to address these limitations.30-32 However, 

current catalyst support materials, such as cordierite monoliths, are based on non-renewable 

resources, often require time- and energy intensive preparative routes. In addition, most of these 

structured catalyst systems operate in batch mode, unable to control the H2 production rate. 

Various bio-based materials, such as rattan and wood, have been used as catalysts carriers.33,34 

In particular, natural wood microreactors possesses natural microchannels along its growth 

direction providing a high-efficiency liquid transportation corridor.35 In addition they are of 

low-cost, renewable, and of high mechanical strength.36 Hence, wood represents an ideal porous 

scaffold system for flow-through applications, which has been previously demonstrated for 

contaminant degradation, biocatalysis, and solar steam generation.37-39 Nevertheless, natural 
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wood microreactors have yet not been used for hydrogen production. In addition, previously 

reported flow-through wood reactors mainly utilized low efficient capillary force or gravity 

rather than pressure.40,41  

Here, we present a simple and versatile strategy to prepare structured bimetallic 

silver-palladium catalytic native wood microreactors for continuous hydrogen generation from 

ammonia borane by a pressure-driven flow-through system. The low surface area of wood 

materials, which often limits the catalysts loading, is addressed by functionalizing wood 

scaffolds with the metal-organic-framework (MOF) UiO-66 to support the desired metal species 

(Figure 1a). The structure of UiO-66 is highly stable in water, making it practically applicable 

in aqueous media.42 Thanks to the effective coverage of the wood internal surfaces with UiO-

66 and the uniform distribution of palladium and silver, the wood-based catalytic microreactor 

exhibited remarkable H2 generation performance (Figure 1b). In short, the wood-based 

microreactor is characterized by excellent mechanical properties, high mass transfer efficiency, 

adjustable H2 generation rate, easy recovery, scalability, and safety (Figure 1c). These desirable 

features of the microreactor enable its potential applications in catalytic dehydrogenations in 

the energy-water nexus. 
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Figure 1. Scheme of the synthesis and catalytic application of wood-based structured catalysts. 

(a) The preparation steps and (b) the modular use of structured catalytic reactors in series for 

the hydrogen generation from ammonia borane in flow. (c) The utilization of wood-based 

catalytic microreactor under pressure-driven flow-through system possesses many advantages 

compared to using powder catalysts in batch mode, including high mechanical property, high 

mass transfer efficiency, adjustable H2 generation rate, easy recovery, scalability, and safety. 

2. Results and Discussion 

2.1 Functionalizing Wood Microreactors with MOF 

Beech, a diffuse-porous hardwood species, was selected to prepare AgPd/UiO-66@wood 

composites due to its higher elastic modulus (60 MPa) compared to other wood species, such 

as spruce, basswood, and poplar (Figure S1).43 Beech possesses open and aligned 

microchannels (5-55 µm diameter), which mainly comprise the cell lumina of vessels and fibers 

(Figure 2a). UiO-66 was grown in situ within beech through a hydrothermal treatment with 

zirconium chloride (ZrCl2) and 2‑aminoterephthalic acid (NH2-BDC) at 393 K. After this in situ 

growth, the microchannels within the wood structure remain intact but the cell wall surface 

appears slightly rougher compared to native beech evidencing a uniform distribution of UiO‑66 

particles which are around 200 nm in size (Figure 2b and S2). The X-ray powder diffraction 

(XRD) pattern of UiO-66@beech reveals two broad diffraction peaks centered around 2θ = 16° 

and 22° associated to cellulose, along with the characteristic diffraction peaks at 2θ = 7.4° and 

8.5°, attributed to the (111) and (200) crystal faces of UiO‑66, which confirms the successful 

MOF incorporation (Figure S3).44,45 Fourier transform infrared (FTIR) spectra also reveal 

characteristic signatures of UiO-66, including N-H bending (1655 cm-1) and C-H stretching 

(1260 cm-1) bands, which are absent for native beech (Figure S4). The N-H bending band 

originates from the amino groups of the linker molecule (NH2-BDC), which played an essential 

role in functionalizing the wood with MOF. Uniform distributions of MOFs containing metals 

other than zirconium could also be obtained using NH2‑BDC as a linker, including 
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MOF(Ni)@beech and MOF(FeCo)@beech. In contrast, UiO‑66@beech prepared using 

terephthalic acid (BDC), an organic linker without amino groups, shows little UiO-66 

nanoparticles within wood lumina (Figure S5). We attribute this to the formation of hydrogen 

bonds between the amine groups of the NH2-BDC linker and the hydroxyl groups of wood 

macromolecules (cellulose, hemicelluloses, and lignin), which facilitate the MOF crystals 

nucleation and adhesion within the wood channels. 

Figure 2. Morphology, phase distribution and electronic properties of native wood and 

structured catalysts. SEM images of (a) native beech and (b) UiO-66@beech tangential sections. 

The insets correspond to magnified images. (c) TEM image of AgPd/UiO-66@beech cross 

sections at the cell wall of a fiber. (d) SEM images and corresponding WDS elemental 

composition maps of AgPd/UiO-66@beech at ray in tangential section. (e) HAADF-STEM 

images and EDX maps of AgPd/UiO-66@beech. (f) Pd 3d and (g) Ag 3d XPS spectra of 

AgPd/UiO-66@beech, Ag/UiO-66@beech, and Pd/UiO-66@beech.  

 

2.2 Metal Deposition in MOF Functionalized Wood Microreactors 

Catalytic palladium and/or silver were formed within the MOF-functionalized wood by a 

simultaneous wet deposition method followed by reduction with sodium borohydride (NaBH4). 
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The resulting bimetallic structured catalyst, named AgPd/UiO-66@beech, exhibited abundant 

silver and palladium containing MOF particles of uniform size, distributed on the vessels and 

fibers lumen surface within beech, as revealed by transmission (TEM) and scanning (SEM) 

electron microscopy (Figure 2c and S6). Wavelength‑dispersive spectroscopy (WDS) and 

energy‑dispersive X-ray spectroscopy (EDX) elemental maps of AgPd/UiO‑66@beech confirm 

the uniform distribution of palladium at the micro and nano scale (Figure 2d and e). The 

hydrothermal synthesis temperature affects the dimensionality of MOFs,46 which influences the 

interaction with supported metals and plays an important role for the physical and chemical 

properties of the metal-MOF systems.23 Hence, a sample with lower MOF hydrothermal 

synthesis temperature (353 K), labeled AgPd/UiO-66(353)@beech was investigated too. It 

shows a similar phase distribution of the MOF and the metals within the wood (Figure S7), but 

significantly lower palladium content, as confirmed by inductively‑coupled plasma optical 

emission spectroscopy (ICP-OES, Table 1). In agreement with the chosen synthesis protocol, 

the palladium content was higher than the silver content (ratio of Pd:Ag = 3.5 for 

AgPd/UiO‑66@beech; ratio in synthesis Pd2+:Ag+=4). X-ray photoelectron spectroscopy (XPS) 

shows that for all metal-containing structured catalysts (silver, palladium, and bimetallic 

samples) both the Pd 3d5/2 (335.0 eV) and Ag 3d5/2 (367.3 eV) signal indicate a metallic state 

with a small shift of 0.4 eV towards lower binding energy in the peak Ag 3d5/2 position for the 

bimetallic catalyst, which could be indicative for the formation of alloy particles (Figure 2f‑g 

and S8).47,48 No strong contributions indicative of oxidized metal species (Ag+ or Pd2+) occurred 

at higher binding energies. The XRD reflections at 2θ = 38.3° and 39.8° correspond to Ag(111) 

and Pd(111), respectively. The characteristic UiO-66 reflection vanishes for 

AgPd/UiO-66@beech, which implies that the high metal content may alter the MOF crystal 

structure (Figure S3). In addition, argon sorption evidenced a decrease in pore volume, 

suggesting that the metal nanoparticles are located on the external surface and inside the pores 

of UiO-66 (Figure S3).49,50 To verify the beneficial role of MOFs for the metal deposition, a 
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control sample without MOF (AgPd@beech) was prepared, achieving a much lower metal 

content (0.4 wt.% silver and 0.3 wt.% palladium) and dispersion (Figure S9 and Table 1).  

Table 1. Metal and MOF content of catalyst powders and structured analogs. 

Sample Aga) / wt.% Pda) / wt.% UiO-66a,b) / wt.% 

Ag/UiO-66 3.9 - - 

Pd/UiO-66 - 13.5 - 

AgPd/UiO-66 2.0 11.7 - 

AgPd/UiO-66(353) 1.3 9.0 - 

UiO-66@beech - - 0.7 

AgPd@beech 0.4 0.3 0.0 

AgUiO-66@beech 0.8 - 1.5 

Pd/UiO-66@beech - 1.6 1.4 

AgPd/UiO-66(353)@beech 0.4 0.6 1.8 

AgPd/UiO-66@beech 0.4 1.4 0.6 

AgPd/UiO-66@spruce 1.2 2.2 2.2 

AgPd/UiO-66@basswood 0.3 2.0 2.5 

AgPd/UiO-66@poplar (usedc)) 0.8 (0.4) 3.3 (2.8) 3.2 (2.9) 

a) ICP-OES. b) based on the measurement of the Zr content and assuming a stoichiometric 

composition of UiO‑66. c) after 150 min of reaction, FL = 4 cm3 min−1, mcat = 0.14 g, 

cNH3BH3,0= 0.19 M. 

2.3 Reference Powder Catalysts 

For a better insight into the metal-decorated MOF nanostructures and the interaction between 

palladium and silver, metal-containing MOF powders were prepared and analyzed in detail. In 

agreement with the structured catalysts results, the addition of large amounts of metal reduces 

the crystallinity and pore volume of AgPd/UiO‑66 (Figure S10). Nevertheless, for 

AgPd/UiO-66(353), which was prepared at 353 K, the diffraction peaks of UiO-66 can still be 

detected, and the loss of pore volume is less pronounced (Figure S11). This is likely related to 

the lower metal content compared to AgPd/UiO-66 (10.3 vs. 13.7 wt.% combined silver and 

palladium), leaving a larger part of the MOF crystal unchanged. The TEM images of the powder 

samples show that highly dispersed palladium arises even at high metal contents, but Ag tends 

to agglomerate into large particles located on the external surface of MOF particles (Figure 3, 

S12 and S13). The role of silver was probed by CO diffuse reflectance infrared Fourier 
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transform spectroscopy (CO-DRIFTS, Figure 3c). A red-shift of the signal for both η1 (end-on) 

and η2 (bridging) is apparent when comparing AgPd/UiO‑66 to Pd/UiO‑66, which is most 

prominent at higher analysis temperatures. Such observations have previously been linked to 

electronic interactions between metals that affect the CO adsorption properties. This can be 

related to the formation of an AgPd alloy,51,52 and is in line with the slight shift towards lower 

binding energy in the Ag 3d5/2 peak observed in XPS and the slight shift of the Pd(111) 

reflection towards smaller angles observed in XRD (Figure 3d, S8, and S14).47,48 The lattice 

spacing observed by TEM is close to the one of pure palladium along the (111) lattice 

(Figure S15), while EDX maps show that silver rich regions exist, suggesting that the alloy 

particles mainly consist of palladium, with a small silver content but enough to modify its 

surface properties. 

 
Figure 3. Phase distribution and electronic properties of metal-containing MOF powders. 

HAADF-STEM images and corresponding EDX maps of (a) Pd/UiO-66 and (b) AgPd/UiO-66. 

(c) CO-DRIFTS at different temperatures for Pd/UiO‑66 and AgPd/UiO‑66, with schemes 

identifying different adsorption modes. (d) Ag 3d and Pd 3d XPS spectra of metal-containing 

UiO-66 samples. 
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2.4 Catalytic Performance in Batch and Continuous Mode  

We first evaluated the performance of powder catalysts in the hydrolytic dehydrogenation of 

ammonia borane in batch tests (Figure 4a). The activity of powder catalysts strongly depended 

on the identity of the active metal phase. The bimetallic AgPd/UiO-66 exhibited higher metal-

normalized rate of 45.4 molH2 min−1 molmetal
−1 compared to the monometallic samples Ag/UiO-

66 and Pd/UiO-66, which evidence rates of 20.2 and 16.6 molH2 min−1 molmetal
−1, respectively, 

supporting the analysis results that silver acts as an electronic promoter of palladium. In the 

case of powder catalysts termination of the reaction requires the catalysts separation from the 

reaction mixture with the assistance of centrifugation of filtration, which is unable to switch 

on/off hydrogen release easily, weakening the safety of hydrogen production in practical 

application. Structured catalysts performed better than powder catalysts in this aspect (Figure 

S16, S17, and Video S1). Applying the structured catalyst in a flow setup allow to simply switch 

on/off by controlling the flow rate (Figure 4b, c, S18 and Video S2). To assess hydrogen 

generation performance of the structured catalyst in a flow setup, we used beech‑based 

structured catalysts to enable a fair comparison between different metal species, keeping the 

wood properties constant. It is apparent that metal is necessary to generate hydrogen, as neither 

native beech, nor UiO‑66@beech, show any catalytic behavior (Figure 4d). Consistent with 

the trend observed for the powder systems, AgPd/UiO-66@beech exhibited the best 

performance among the evaluated metal combinations. From the results obtained for different 

beech-based structured catalysts several conclusions can be drawn (Figure 4d and Table 1): 

i) Hydrogen generation performance increases with the metal loading. ii) Functionalization 

with UiO-66 enables increased metal loading within the wood, which can be further enhanced 

by raising the hydrothermal synthesis temperature of the MOF. iii) Bimetallic catalysts show 

higher catalytic activity compared to monometallic systems. In addition, we tested the hydrogen 

generation performance of MOF(Ni)@beech and MOF(FeCo)@beech to demonstrate that our 
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approach for preparing microreactors can be readily adapted to other catalysts, thus enabling 

the development of a sustainable platform for catalytic dehydrogenations (Figure S19).  

 

Figure 4. The catalytic performance in ammonia borane decomposition. (a) Hydrogen 

generation performance of metal-containing MOF powders. Inset is the scheme of the hydrogen 

generation setup for powder samples in batch mode. (b) Scheme of the hydrogen generation 

setup for structured catalysts in continuous flow. (c) Controllable hydrogen generation from 

ammonia borane using AgPd/UiO-66@beech under 4 cm3 min−1 flow rate (on) or 0 cm3 min−1 

flow rate (off). (d) Hydrogen generation performance from ammonia borane for different 

structured catalysts. Reaction conditions: (a) VL = 5 cm3, mcat = 29 mg, cNH3BH3,0= 0.19 M, and 

(c and d) FL = 4 cm3 min−1, mcat = 0.22-0.27 g, cNH3BH3,0= 0.19 M. 

2.5 Effect of the Microchannel Structure on Hydrogen Generation 

Different wood species have different microstructures. To assess the role of the wood’s 

microstructure in hydrogen generation, bimetallic structured catalysts based on four wood 

species (labeled AgPd/UiO-66@wood, with wood = spruce, beech, basswood, and poplar) were 

evaluated. Cross sections reveal different pore sizes, which originate from different cell types. 
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Spruce is a softwood with mainly one cell type, which varies in size (tracheid); beech, basswood, 

and poplar are hardwood species mainly consisting of two cell types: vessels (big pores) and 

fibers (small pores, Figure 5a). After functionalization with AgPd/UiO-66 following the same 

procedure adopted for beech, the lumen surface of each wood sample is uniformly decorated 

(Figure S20). Each wood species displayed different hydrogen generation performance 

(Figure 5b and S21). To explain these results, the wood structure can be regarded as an 

ensemble of aligned microchannels. The applied pressure difference (Poiseuille flow) drives 

the flow of the ammonia borane solution along a channel. The AgPd/UiO-66 particles on the 

microchannel wall (cell wall surface) generate hydrogen, which then diffuses inside the liquid 

towards the center of the channel. A rigorous prediction of the hydrogen concentration field 

inside the channels is outside the scope of the present work and would require solving the mass 

and momentum conservation equation (Navier-Stokes) for the flow, as well as two coupled 

advection-diffusion equations with a source and a sink localized at the channel wall, for the 

hydrogen and ammonia borane respectively. Moreover, the presence of gaseous hydrogen 

bubbles further complicates the behavior. However, the trends observed for the total hydrogen 

generation can be explained with a simplified description of the involved mass transport 

processes. We observe an increase in the total generated hydrogen (flux ṁH2) with the area of 

the channels’ wall (A = ƩiPi · L, Figure S21). Here, Pi denotes the perimeter of the cross section 

of the i‑th channel (yellow lines in Figure 5a and b), extracted from the images of the cross 

sections according to the procedure described in the experimental section: ƩiPi is the sum of the 

perimeter of microchannels (vessel and fiber pores in hardwood, tracheid pores in softwood); 

L = 2 mm is its length, namely the thickness of the wood block, assumed to be constant for all 

channels. According to the empirical formula for advective mass transport, from a solid surface 

to an adjacent fluid flow, we expect an increase of the mass flux with the exposed surface area 

A, since ṁH2 = hc · ΔC · A.53 Here, hc is the transport coefficient, and ΔC is the mass 

concentration difference between the wall, where hydrogen is generated, and the bulk fluid. 
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Note that ΔC changes along the channel due to the mass transfer process, and hc is also a 

function of the local velocity. Therefore, deviations from a trivial linear trend should be 

expected. A higher imposed flow results in an overall larger ΔC, as advection replenishes the 

gradients that have been smoothed out by mass transfer. Hence, the hydrogen mass flux is larger 

for higher driving flows (Figure 5c). Following this simplified description and consistent with 

measurements by mercury porosimetry and SEM in tangential sections (Figure S22 and S23), 

we found that poplar has the largest channel surface area, and the highest hydrogen generation 

rate followed by basswood, beech, and spruce. Although AgPd/UiO-66 also grew on the 

exterior surface of wood, the experimental setup enforced liquid to flow only through the pores 

of the structured catalyst (Figure S18), ensuring that the observed differences are governed by 

the internal pore structure of distinct wood species. It can also explain the non-linear 

relationship between metal content and the hydrogen generation rate, as not all metal particles 

participate in hydrogen generation. By increasing the external flow from 4 cm3 min−1 to 

12 cm3 min−1, the hydrogen generation rate increases, though to a different extent for the 

different species (below 5% for spruce, up to around 50% for beech, Figure 5c), due to the 

anatomical structure differences, such as pits and perforation plates. The highest hydrogen 

production rate was obtained for the sample AgPd/UiO-66@poplar, showing up to 

10.4 cm3
H2 min−1 cm−3

cat at a flow of 12 cm3 min−1. The mass transport considerations reveal 

that employing wood reactors with bigger channel surface area and raising the external flow 

rate can improve the hydrogen generation performance, mitigating transport limitations. It 

provides hitherto unexplored information on the structure‑performance relationships of wood-

based reactors for water-based adsorption and catalytic reactions in flow systems.37,54-56 

However, due to the mass transfer limitation and complex wood structure, it is not straight 

forward to extract representative kinetic information in flow systems.57 Detailed kinetic 

investigations are beyond the scope of this study and will be undertaken in future work.  
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Figure 5. Catalytic performance in ammonia borane decomposition for structured catalysts 

based on different wood species (AgPd/UiO-66@wood) in flow. (a) SEM images of native 

beech, where micrometer-sized pores from vessels and fibers indicated in the cross and 

tangential sections comprise the longitudinal channels of the resulting microreactor. (b) Cross-

section morphology obtained by SEM of different native wood species. The scale bar applies 

for all images. (c) Hydrogen generation rate of AgPd/UiO-66@wood for different wood species 

as a function of the ammonia borane solution flow rate and the sum of the channel wall area, 

extracted from SEM. (d) Normalized hydrogen generation rate for AgPd/UiO-66@poplar as 

function of time during stability test. (e) Hydrogen generation rate and total hydrogen 

generation of AgPd/UiO‑66@poplar as a function of the number of pellets. Reaction conditions: 

FL = 4-12 cm3 min−1, mcat = 0.14-0.55 g, cNH3BH3,0= 0.19 M. 

2.6 Reusability and scalability of the catalysts 

In general, the reusability of catalysts is crucial for practical applications. For catalyst powders, 

the recovery requires separation by centrifugation or filtration, which can cause metal 

aggregation and significant material losses, leading to the activity decrease. For example, 

AgPd/UiO-66 and Pd0/CeO2 have been reported to lose around 50 % of activity after only five 
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cycles of reaction, which corresponds to a total reaction time of only 21 min (AgPd/UiO-66) 

and 108 min (Pd0/CeO2), respectively.20,58 In contrast, the presented microreactors are applied 

in flow enabling continuous operation, preserving over 70% of its initial activity after 500 min 

on stream (Figure 5d). Only little metal loss is evidenced after reaction, while the electronic 

state of the metal and the morphology of the MOF remain unchanged (Figure S24 and Table 1).  

We successfully assessed the scalability of our hydrogen generation system by displaying the 

hydrogen generation rate as a function of the total volume of the wood, which can be adjusted 

by changing the number of pellets applied in the continuous-flow setup (Figure 5e). The overall 

hydrogen generation increases linearly with the number of the AgPd/UiO‑66@poplar pellets, 

while the volume-normalized rate stays constant, confirming its linear scalability and synthetic 

reproducibility. As little as four pieces of AgPd/UiO-66@poplar generate 14.85 cm3 min−1 of 

hydrogen, showing potential for large-scale applications. 

3. Conclusion 

Structured catalytic native wood microreactors for the continuous generation of H2 from 

ammonia borane were successfully prepared using MOF-functionalized natural wood supports 

to stabilize metallic palladium and silver. Wood inherent interconnected microchannels, enable 

its direct application as a catalyst carrier. The use of an amine-containing linker proved essential 

to ensure a high coverage of MOF on the wood, which endows the incorporation of highly 

dispersed metal species. In-depth characterization confirmed the uniform distribution of the 

MOF and supported metals over the wood microchannel surfaces. Comparison with analogous 

powder samples proofed similar nanostructures and electronic properties of the supported metal 

species. The structured catalysts had good reusability and permitted fine control over the 

hydrolysis reaction by separating from the ammonia borane solution or by changing the flow 

rate. Quantification of the microchannel surface area demonstrated the strong influence of the 

wood microstructure on the performance, with structured reactors based on poplar reaching 

maximal rates up to 10.4 cm3
H2 min−1 cm−3

cat. Over 70% of the initial activity is preserved after 
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500 min of reaction, representing significantly increased stability compared to previously 

reported systems. The modular design of the applied reactor displays a linear dependence 

between the hydrogen generation performance and the total wood volume, demonstrating strong 

potential as a scalable platform for catalytic applications in energy- and environmental-related 

fields. 

4. Experimental section 

Materials and Chemicals: Native European beech (Fagus sylvativa), Norway spruce (Picea 

abies), American basswood (Tilia americana), and Poplar (Populus spp.) were cut into 

cylindrical wood sheets (2 mm thickness along the longitudinal direction) using a circular saw. 

From these wood sheets, circular samples (16 mm diameter) were obtained using a laser cutter 

(Trotec. Speedy 300). Zirconium chloride (ZrCl4, ≥99.5% trace metals basis), 2-

aminoterephthalic acid (NH2-BDC, 99%), silver nitrate (AgNO3, puriss. p.a., ≥99.5% AT), 

palladium chloride (PdCl2, ReagentPlus®, 99%), and ammonia borane (NH3BH3, 97%) were 

obtained from Sigma-Aldrich. Sodium borohydride (NaBH4) and hydrochloric acid (HCl, 37%) 

were purchased from VWR (Germany). N,N-dimethyl formamide (DMF) and ethanol were of 

analytical grade. All chemicals were used as received without any purification. 

Preparation of Structured Catalysts: For the functionalization of wood with MOF, ZrCl4 

(625 mg) was dissolved in a DMF:HCl mixture (30 cm3, 5:1, V:V) and in a separate vessel NH2-

BDC (670 mg) was dissolved in DMF (50 cm3). The ZrCl4 and NH2-BDC solutions were mixed 

under sonication for 20 min. The native wood samples, together with the prepared mixture 

solution were sealed in a Teflon-lined stainless-steel autoclave (100 cm3) and heated to 393 K 

for 24 h. After cooling to room temperature, the resulting samples were washed with DMF three 

times until the yellowish washing solution color became transparent. Then the samples were 

rinsed with ethanol (330 cm3) to obtain UiO-66@wood. Depending on the temperature of 

hydrothermal synthesis, 353 or 393 K, respectively, the resulting samples were denoted UiO-

66(353)@wood or UiO-66@wood (wood = beech, spruce, basswood, or poplar). To deposit 
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metals (palladium and/or silver) on the structured catalysts, 20 pieces of UiO-66@wood were 

immersed in AgNO3 solution (170 cm3, 5.9 mM) and stirred at room temperature overnight. 

Then PdCl2 solution (355 cm3, 11.3 mM) was added and stirred for 24 h. Subsequently, NaBH4 

solution (100 cm3, 0.5 M) was added to reduce the deposited metal species. The samples were 

removed from the solution after no more gas was generated, washed with water (3100 cm3) 

and ethanol (3100 cm3). The obtained AgPd/UiO‑66@wood was dried at 353 K under reduced 

pressure. AgPd/UiO-66(353)@wood was obtained using UiO-66(353)@wood as the starting 

material applying the same procedure. Ag/UiO-66@wood was prepared to omit the step of 

immersing in PdCl2 solution, and Pd/UiO‑66@wood was prepared to omit the step of 

immersing in AgNO3 solution. 

Characterization: Longitudinal compression tests on different wood species with a size of 

60 × 20 × 20 mm (L × R × T) were performed using a universal testing equipment (Zwick 

Roell) equipped with a 100 kN load cell. For scanning electron microscopy (SEM), wood 

samples were polished using a microtome and then coated with a 10 nm Au film to avoid sample 

charging. Images were acquired using a field emission scanning electron microscope (FEI 

Quanta 200F) at an acceleration voltage of 20 kV. Wavelength‑dispersive spectroscopy (WDS): 

To prepare suitable block sections, AgPd/UiO‑66@beech was embedded in epoxy resin. After 

curing at 333 K, the embedded sample was ground and polished to expose the tangential section 

of the wood sample. Finally, the samples were coated with 20 nm carbon. Measurements were 

conducted using a focused beam with a voltage of 7 keV, a counting time of 80 ms per pixel, 

and a scan size of 600 × 360 µm. X-ray powder diffraction (XRD, Panalytical X’Pert PRO 

MPD) was performed using Cu K radiation ( = 1.5406 Å). The diffractometer was operating 

at 40 kV and 45 mA with an angular step size of 0.03° and a counting time of 1 s per step. 

Fourier transform infrared spectroscopy (FTIR, Bruker Tensor 27): Thin wood samples were 

analyzed in attenuated total reflection (ATR) mode over the scan range of 400 to 4000 cm−1. 

Each sample was tested five times to get an average spectrum for comparison. Diffuse 
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reflectance infrared Fourier transform spectroscopy of CO (CO-DRIFTS) on powder samples 

was measured on a Bruker Optics Vertex 70 spectrometer equipped with an in situ cell and a 

liquid-N2-cooled mercury cadmium telluride detector. The sample was dried under argon flow 

(20 cm3 min−1) at 473 K for 1 h, reduced in hydrogen (20 cm3 min−1) for 30 min at the same 

temperature, and cooled to room temperature in argon (20 cm3 min−1). Then background spectra 

were acquired and the sample was subsequently exposed to diluted CO (5 vol.% in He, 

30 cm3 min−1) for 15 min. Spectra were acquired in the range of 4000-400 cm−1 (2 cm−1 

resolution) after flushing with Ar (20 cm3 min−1) until no gas-phase CO was detected. Tests 

were conducted at 293, 323, 353, and 383 K, with an equilibration time of 5 min at each 

temperature. Transmission electron microscopy (TEM): sections of structured catalysts were 

prepared according to a reported procedure.59 Ultra-thin sections (90 nm) were microtome cut 

with a diamond knife and placed on formvar carbon-coated copper grids. The samples were 

stained sequentially with uranyl acetate and Reynolds’ lead citrate before investigating using a 

Jeol JEM-1400 Plus TEM. High-angle annular dark field-scanning transmission electron 

microscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDX) were 

conducted in a Talos F200X instrument with a FEI SuperX detector at 200 kV acceleration 

potential. Powder catalysts were dusted on standard copper mesh holey carbon films 

(EMresolutions). X-ray photoelectron spectroscopy (XPS) was performed using a Physical 

Electronics Quantera SXM spectrometer using monochromatic Al K radiation generated from 

an electron beam operated at 15 kV and 49.3 W. The spectra were collected under ultra-high 

vacuum conditions (residual pressure  1×10−6 Pa) at a pass energy of 55.0 eV. Structured 

catalysts were directly mounted on the sample holder, while powder samples were first pressed 

onto indium foil. To compensate for electrical charging during analysis, electron- and ion-

neutralizers were operated during the analysis and all spectra were referenced to the Zr 3d5/2 

peak of UiO-66 at 182.3 eV. Inductively coupled plasma-optical emission spectrometry (ICP-

OES) was conducted using a Horiba Ultra 2 instrument equipped with photomultiplier tube 



 

149 

detection. The samples were digested in a MLS turboWave® microwave by heating the material 

(ca. 10-15 mg) in 3 cm3 of a 3:1 volumetric mixture of HNO3 (Sigma-Aldrich, ≥65 wt.%) and 

H2O2 (Sigma-Aldrich, 35 wt.%) to 533 K for 50 min with a maximum power of 1200 W and a 

loading pressure of 70 bar. The obtained clear solutions were filtered and diluted prior to 

analysis. The loading of UiO-66 was determined from the concentration of Zr assuming a MOF 

stoichiometry of C24H17N3O16Zr3. Argon sorption was measured at 77 K using a Micromeritics 

3Flex instrument. Before the measurement, the samples were degassed under vacuum at 363 K 

for 48 h. Mercury porosimetry at 293 K was measured in a Micromeritics AutoPore 9520 

porosimeter operated from vacuum to 418 MPa. Samples were degassed in situ prior to 

measurement. A contact angle of 140° for mercury and a pressure equilibration of 10 s were 

applied. The pores perimeter of native wood samples were obtained with ImageJ from 500 µm 

× 500 µm crops of SEM images of the cross section of the different wood species using the 

Analyze Particles plugin after adjustment of brightness, contrast and thresholding 60. To extract 

the sum of channel wall area, the average sum of perimeters obtained from four different 

500 µm × 500 µm areas were multiplied by the thickness of the wood pieces (2 mm). 

Catalytic Evaluation 

Batch operation: The performance of powder and structured catalysts was compared at room 

temperature in a batch setup. Firstly, 29.5 mg of powder catalyst was put in a 25 cm3 round-

bottomed flask. In the case of AgPd/UiO-66@beech 246.7 mg were used to apply a similar 

overall metal content as for the powder systems Then aqueous ammonia borane solution (5 cm3, 

cNH3BH3,0= 0.19 M) was injected into the flask using a syringe. A gas burette filled with water 

was connected to the reaction flask to measure the released gas volume. The volume of the 

evolved gas was monitored by recording the displacement of water in the gas burette. The 

reaction rates were calculated from the amount of hydrogen produced after one minute of 

reaction, divided by the total moles of metal that were present in the catalysts. 
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Continuous operation: The performance of structured catalysts for continuous hydrogen 

generation from ammonia borane was evaluated in a customized setup (Figure 4b, S18 and 

Video S1). The substrate solution was pumped by a Masterflex L/S 7523 pump (Cole-Parmer, 

Vernon Hills. IL) from a reservoir (cNH3BH3,0= 0.19 M.) into a chamber with a constant flow 

between 4 and 12 cm3 min−1. The structured catalysts, with a size of 16 mm in diameter and 

2 mm in thickness along the longitudinal direction, were fixed and sealed within the chamber 

to ensure flow exclusively along the longitudinal direction of the microreactors. The chamber 

outlet was connected to a gas burette filled with water, and the generated hydrogen volume was 

monitored by recording the displacement of water in the gas burette. The reaction rates were 

calculated from the amount of hydrogen recorded in intervals of one minute during continuous 

reaction. Five samples were evaluated for each test to obtain the average and the standard 

deviations of the hydrogen production rate. To facilitate a comparison between different wood 

species, the hydrogen production rate was normalized by the volume of the structured catalysts. 
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Supplementary Information 

1. Experimental Section 

1.1. Preparation of Powder Catalyst 

UiO-66 was prepared according to a reported procedure.1 Briefly, ZrCl4 (625 mg) was dissolved 

in a mixture of dimethylformamide (DMF, 30 cm3) and hydrochloric acid (HCl, DMF:HCl = 

5:1, V:V) and in a separate vessel 2-aminoterephthalic acid (NH2-BDC, 670 mg) was dissolved 

in DMF (50 cm3). The ZrCl4 and NH2-BDC solutions were mixed under sonication for 20 min, 

sealed in a Teflon-lined stainless autoclave (100 cm3), and hydrothermally treated at 393 K for 

24 h. After cooling to room temperature, the resulting solids were collected by centrifugation 

at 8000 rpm for 10 min, washed with DMF (3 × 30 cm3) and ethanol (3 × 30 cm3), and 

subsequently dried at 353 K under vacuum. For comparative purposes, UiO-66 was also 

prepared by hydrothermal synthesis at 353 K following the same procedure, resulting in the 

sample denoted UiO-66(353). To introduce the desired metals, the MOF powder (50 mg) was 

added to a solution of AgNO3 (1.7 mg in 1.7 cm3 H2O) and stirred at room temperature for 1 h 

before adding a solution of PdCl2 (7.1 mg in 3.55 cm3 H2O) and stirring for additional 4 h. Then, 

NaBH4 solution (1 cm3, 0.5 M) was added under stirring, and allowed to react for 1 h to reduce 

the metal species. After filtration, the resulting solid was washed with water (3 × 30 cm3) and 

ethanol (3 × 30 cm3) consecutively. The obtained samples were dried at 353 K under reduced 

pressure and labeled AgPd/UiO‑66 and AgPd/UiO‑66(353). For the synthesis of Ag/UiO‑66, 

the addition of PdCl2 was omitted, while to obtain Pd/UiO‑66, the MOF powder was added 

directly to the PdCl2 solution. 

1.2. Functionalization of Wood Microreactors with Different MOFs 

MOF(Ni)@beech was synthesized using a solvothermal route adapted from a previously 

reported procedure for MOF(Ni) (molecular formula, Ni4O(H2N-BDC)3) powder.2 Briefly, a 

mixture of nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O, Sigma-Aldrich, 99%, 1.05 g), NH2-

BDC (0.33 g) and triethylamine (TEA, Sigma-Aldrich, ≥99.5%, 0.36 cm3) were added to DMF 
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(30 cm3) and mixed under ultrasonication. After that, the homogeneous solution was transferred 

to an autoclave with 5 pieces of beech samples and hydrothermally treated at 378 K for 24 h. 

After cooling to room temperature, the resulting materials were washed with DMF (3 × 30 cm3) 

and ethanol (3 × 30 cm3). Finally, the product was dried overnight at 378 K under vacuum. 

MOF(FeCo)@beech was synthesized using a solvothermal route adapted from a previously 

reported procedure for MOF(FeCo) (molecular formula, Fe2CoO(NH2-BDC)3) powder.3 

Briefly, equimolar amount of iron(III) chloride hexahydrate (FeCl3·6H2O, Sigma-Aldrich, 97%, 

0.54 g) and cobalt(II) chloride (CoCl2, Sigma-Aldrich, 97%, 0.26 g) were added to DMF 

(15 cm3). NH2-BDC (0.363 g) was separately dissolved in DMF (15 cm3). Both solutions were 

then mixed by stirring for 15 min, transferred to an autoclave containing 5 pieces of beech 

samples, and then hydrothermally treated, washed, and dried according to the same procedure 

as MOF(Ni)@beech. 
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2. Results Section 

 

Figure S1. The elastic moduli of different wood species. 

 

 

Figure S2. SEM images of a tangential section of UiO‑66@beech at different magnifications. 

 

 

Figure S3. (a) XRD patterns and (b) argon isotherms at 77 K of beech before and after 

functionalization with UiO-66 and of the corresponding bimetallic structured catalyst. 
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Figure S4. FTIR spectra of beech before and after functionalization with UiO-66. The 

appearance of characteristic N-H bending and C-H stretching modes confirms the incorporation 

of the NH2-BDC linker in UiO‑66@beech.  

 

 

Figure S5. SEM images of tangential sections of beech functionalized with different MOFs: (a) 

UiO‑66@beech prepared using BDC as the organic linker and (b) MOF(Ni)@beech and (c) 

MOF(FeCo)@beech (both prepared using NH2-BDC as the organic linker). The NH2-BDC 

linker enables the formation of different wood-MOF composites with a homogeneous MOF 

coverage. 
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Figure S6. SEM images of a tangential section of the bimetallic structured catalyst, AgPd/UiO-

66@beech. 

 

 

Figure S7. (a) TEM and (b) HAADF-STEM images and corresponding elemental maps of the 

bimetallic structured catalyst, AgPd/UiO‑66(353)@beech. 
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Figure S8. (a) Pd 3d and (b) Ag 3d XPS spectra of metal-containing MOF powders and 

structured catalysts.  

 

 

Figure S9. (a) SEM image of a tangential section and (b) TEM image of a cross section of a 

bimetallic structured catalyst without MOF functionalization, AgPd@beech. These images 

provide evidence for the formation of large metal nanoparticles in absence of UiO-66. 
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Figure S10. (a) XRD patterns and (b) argon isotherms at 77 K of bimetallic and metal-free 

MOF powders. The high metal content leads to a reduced crystalline order and pore volume. 

 

 

Figure S11. (a) XRD patterns and (b) argon isotherms at 77 K of bimetallic and metal-free 

MOF powders, hydrothermally synthesized at 353 K. The high metal content leads to a 

reduction in pore volume while affecting the crystalline order to a lesser extent. 

 

 

Figure S12. HAADF-STEM image and corresponding EDX maps of silver-containing MOF 

powder, Ag/UiO-66. 
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Figure S13. HAADF-STEM image and corresponding EDX maps of bimetallic MOF powder, 

hydrothermally synthesized at 353 K, AgPd/UiO-66(353). 

 

 

Figure S14. XRD patterns of metal-containing MOF powders. 
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Figure S15 TEM image of bimetallic MOF powder, hydrothermally synthesized at 353 K, 

AgPd/UiO-66(353). The measured lattice spacing is indicated. 

 

 

Figure S16. Photographs of (a) MOF powder (AgPd/UiO-66) and (b) bimetallic structured 

catalyst (AgPd/UiO-66@beech) in ammonia borane solution during batch hydrogen generation 

tests. See also Video S1. 

 

Figure S17. Hydrogen generation from ammonia borane over bimetallic structured catalyst, 

AgPd/UiO-66@beech, in batch tests. Conditions: VL = 5 cm3, mcat = 246.7 mg, 

cNH3BH3,0 = 0.19 M. 
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Figure S18. The setup for hydrogen generation from ammonia borane in flow. A scheme of the 

structured catalyst, mounted in the sample holder, is inset. 

 

 
Figure S19. Hydrogen generation rate from ammonia borane of structured catalysts, 

comprising beech functionalized with different MOFs, MOF(Ni)@beech and 

MOF(FeCo)@beech, in flow. Conditions: FL = 4 cm3 min−1, cNH3BH3,0 = 0.19 M. 
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Figure S20. SEM images of tangential sections of bimetallic structured catalysts obtained with 

different wood species: (a) AgPd/UiO-66@spruce, (b) AgPd/UiO-66@basswood, and (c) 

AgPd/UiO-66@poplar, evidencing the distribution of metal-impregnated UiO-66 on the surface 

of microchannels. The MOF phase and wood surface are marked with color in the top left 

quarter of part (a). 
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Figure S21. Hydrogen generation rate of bimetallic structured catalysts based on different 

wood species as a function of the sum of the channel wall area. The error bars on the x-axis 

indicate the standard deviation obtained for measuring the channel wall area in four different 

regions of native wood microreactors. The error bar on the y-axis represents the standard 

deviation for three independent catalytic runs. Conditions: FL = 4 cm3 min−1, mcat = 0.14-0.55 g, 

cNH3BH3,0 = 0.19 M 
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Figure S22. Mercury porosimetry and corresponding pore size distributions of bimetallic 

structured catalysts based on different wood species. The maximum in pore size distribution 

corresponding to vessels is indicated and increases in the order of spruce < beech < basswood 

≤ poplar. Pore size distributions were estimated using the Washburn equation. 
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Figure S23. SEM images of tangential sections of different native wood species used for the 

preparation of microreactors. Open vessels (tracheids, in case of spruce) are indicated in yellow 

showing an increase size from left to right. The scale bar applies for all images. 
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Figure S24. SEM images of tangential sections of AgPd/UiO-66@poplar after (a) 150 min and 

(b) 500 min of reaction. Normalized (c) Pd 3d and (d) Ag 3d XPS spectra of fresh and used 

AgPd/UiO-66@polar. Reaction conditions: FL = 4 cm3 min−1, mcat = 0.14 g, cNH3BH3,0= 0.19 M. 
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5 General Discussion and Outlook 

The main goal of this thesis was to functionalize wood materials by MOFs to develop 

MOF/wood hybrid materials and explore their applications in gas adsorption and separation, 

mechanical energy harvesting, and hydrogen generation. In this regard, we successfully 

introduced versatile green synthesis methods for the in situ growth of MOFs within wood 

substrates and applied them in diverse applications, as presented in chapters 4.2 to 4.4. This 

chapter will further discuss the results of these publications presented in these chapters.  

5.1 Wood structure-fabrication-function relationships 

5.1.1 The effect of wood hierarchical structure  

Wood is a hierarchically structured material made up of well-connected hollow fibrous 

structures that comprises various length scales. This unique hierarchical and open porous 

structure, which combines exceptional mechanical properties with lightweight, makes it an ideal 

scaffold for the production of high-performance composite materials.94 The chemical 

constituents of wood are similar, which are mainly cellulose, hemicelluloses, and lignin. The 

composition only has a slight difference in the hemicelluloses and lignin within softwood and 

hardwood. These differences do not have a substantial on the preparation of MOF/wood 

composites. Hence, different wood species can be considered for this kind of nano- and micro-

functionalization, utilizing the large number of wood inherent hydroxyl groups and partially 

carboxyl groups. To enhance the affinity of MOFs and wood, these functional groups within 

wood can work as active sites for chemical modifications or supplying anchoring points for the 

nucleation and growth of MOF, which is further discussed in chapter 5.2.  

As shown in chapter 4.2, through the assessment of the CO2 adsorption capacity, adsorption 

efficiency of the ZIF-8 loaded within wood (ca. 48 cm3 g-1
ZIF-8 at p/p0=1) is similar to that of 

pure ZIF-8 (ca. 44 cm3 g-1
ZIF-8 at p/p0=1). Furthermore, the crystal size of ZIF-8 within wood 

(420±113 nm) is also in line with that of pure ZIF-8 (460±57 nm). These investigations and 

results confirm that the embedding process and the utilization of wood as a substrate did not 

alter the adsorption capacity of the MOF.  

However, the difference at the tissue level among wood species leads to differences in 

morphology and porosity, allowing for the selection of wood species according to the specific 

application. Especially when the application is based on the surface or on the bulk wood, the 

principle of selection might be different. In this thesis, we illustrate the selection principle by 

two applications: surface modification for triboelectric nanogenerator and bulk wood 
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modification for CO2 adsorption and hydrogen generation, which are further discussed in 5.1.2 

and 5.1.3, respectively. 

5.1.2 The effect of wood surface morphology 

The surface morphology of wood materials is critical for applications based on the wood surface. 

In chapter 4.3, we evaluated the effect of wood surface morphology on the triboelectric output 

of TENGs.  

The surface morphology varies for different wood species, cutting planes, as well as cutting 

techniques and other parameters, leading to a different wood surface roughness. Although there 

are several studies on the impact of wood surface roughness on finishing costs and the perceived 

quality of wood products,95 there is a lack of studies on how the surface roughness of wood 

affects the triboelectricity of wood. The surface roughness measurements of wood are often 

performed with a contact stylus profilometer,96 but in the thesis (chapter 4.3) we used optical 

profilometry as an optical method, which is generally faster. 

As shown in chapter 4.3, even though cut in the same direction (cross-cut), spruce, yew, and 

balsa show different surface roughness due to their differences in porosity. Cross-cut native 

balsa has the highest average roughness (Ra) value of 11.9 µm, while cross-cut native yew has 

the lowest (6.5 µm). The higher Ra value of cross-cut wood samples may result from a higher 

porosity. In addition, the surface roughness varies depending on the cutting direction for the 

same wood species. The Ra value of the cross-section is higher than the tangential- and the 

radial-sections. This originates from the axial alignment of fibers, vessels and tracheids. 

Surface roughness has been confirmed to have a great impact on the electrical output (voltage 

and current) of TENGs.97,98  Generally, to enhance the electrical output, several methods can be 

applied to the tribo-material surface to produce roughness, e.g., photolithography templates, 

sandpaper treatment, cold compression, nanoimprint, and physical/chemical etching, which are 

all complicated and energy-consuming processes.99-105 In contrast, the wood surface 

morphology of different species, anatomical planes, and cutting parameters inherently supply 

the basic surface roughness that is needed for a tribo-material. Higher surface roughness usually 

results in an increased effective surface area, thus improving the electrical performance of a 

TENG.97,98 However, an extremely rough surface, on the other hand, can cause tip-to-tip 

contacts between the triboelectric materials, resulting only in partial contact and, as a result, a 

reduction in electrical output.106 Hence, the surface roughness should be controlled to achieve 

high-performance TENGs. After comparing the electrical output of PDMS spinning coated 

cross-cut spruce, yew, and balsa, radial- and tangential- cut spruce, we found that radial-cut 
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spruce can supply the most suitable surface roughness. Here, PDMS is used for making the 

triboelectrical properties of native wood more tribonegative. 

In addition to electrical output, the wood morphology has been confirmed to affect also 

performance in other fields of application. For example, Wang et al. found that wood cutting 

methods (circular saw cut and microtome cut) strongly affect wood surface morphology, and 

that they are critical for both the contact angle hysteresis and the wood templating 

applications.107,108 

In the future, we need to conduct further wood surface analysis to explore the effect of cutting 

techniques and parameters on surface roughness as well as triboelectricity. In addition, it is 

worthy to study the impact of wood morphology on the wood modification and 

functionalization. 

2.3.1 The effect of wood porous structure 

Conventional porous membranes are usually synthesized in bottom-up assembly methods from 

polymeric or inorganic building blocks.109,110 These approaches involve energy-intensive 

processes, often unsustainable building blocks, and solvent-based chemistry, which may lead to 

a substantial negative environmental impact. In contrast, bulk wood materials are already suited 

as a membrane or microreactor due to their natural porosity. Different wood species show a 

large variability of cell structures resulting in various porosity. The porous wood structures and 

aligned lumina arrays make bulk wood materials suitable for a variety of applications, including 

wastewater treatment, oil-water separation, catalysis, electrocatalytic water splitting, and 

energy-efficient desalination.92,111 24,112-118  Even though wood reactors have been utilized for 

water-based adsorption and catalysis in flow systems, structure-performance relations remain 

widely unexplored. Researches related to capillary force-driven flow systems, including the 

effects of porosity, and wood membrane thickness have been studied,119 but there were only a 

few studies related to pressure-driven flow systems, at the beginning of the thesis.93 In chapter 

4.4, we evaluated the effects of the diverse porous structure of distinct functionalized wood 

microreactor on its H2 generation performance from ammonia borane in pressure-driven flow 

system.  

(a) Capillary force-driven flow systems  

Wood porosity depends on the wood species and is a critical property for energy-water related 

applications in capillary force-driven flow systems. Previous studies have shown that wood 

with higher porosity enables more rapid water transport.119  
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Studies also evaluated the relationship between the thickness of the wood membrane and water 

transport. The decrease of the wood membrane thickness can increase the effective capillarity-

driven pressure gradient, which in turn can be employed to increase the water transport rate in 

wood samples.119 In addition, thinner membranes increase the probability to have fully cut open 

fibers. These open cell structure offers unhindered flow through the samples.93 For spruce, the 

probability to have continuous, open fibers through the entire sample thickness are 66%, 33%, 

and 0%, when the membranes are 1 mm, 2 mm, or 3 mm thick respectively.120  

(b) Pressure-driven flow system  

Goldhahn et al. (2020) found that in the pressure-driven flow system, the flux of unmodified 

beech does not change in the thickness range investigated (between 3 mm and 7 mm).93 

However, due to differences in wood cell wall surface area induced by differing pore 

architectures, the performance of modified wood products based on different wood species may 

differ. 

To understand the wood cell wall surface area’ effects on the water-based catalysis efficiency 

in pressure-driven flow systems, we made a detailed survey in chapter 4.4. In this manuscript, 

we decorated AgPd/UiO-66 particles on the wood cell wall surface as the catalysis microreactor. 

The ammonia borane solution goes through the microreactor in a constant trans-membrane 

pressure. The hydrogen can be generated at the cell wall surface and then diffuses in the liquid 

towards the center of the lumen. Under a certain flow speed (4 cm3 min−1), when using the wood 

membranes made from different wood species (spruce, beech, basswood, and poplar) with the 

same thickness (2 mm), we observed an increase in the total generated hydrogen as a function 

of the area of the channels’ wall. A simplified description of the involved mass transport 

processes can explain the observed trends in total hydrogen generation, which is ṁH2 = 

hc · ΔC · A.121 Here, hc is the transport coefficient, and ΔC is the mass concentration difference 

between the wall, where hydrogen is generated, and the bulk fluid.  

However, by increasing the external flow from 4 cm3 min−1 to 12 cm3 min−1, the hydrogen 

generation rate increases, though to a different extent for the different species (below 5% for 

spruce, up to around 50% for beech). The reason behind this may be because of the different 

number of open channels within the membranes. Further investigations are needed on the 

impact of the pits and the related relevance of wood membrane thickness on the pressure-driven 

flow systems. 
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5.2 Enhancing the affinity between wood and MOFs 

In recent years, several wood-based MOF composites have been explored and reported, such as 

UiO-66/wood for organic pollutants removal,66 such as rhodamine 6G, propranolol, and 

bisphenol A, ZIF-8/wood for removal of Cu2+ ion and methylene blue, as well as iodine 

capture,122,123 and  MOF-199/wood for antibacterial application.124  

In addition, delignified wood was also investigated as the substrate support for MOFs, such as 

Cu-BTC/delignified wood for CO2 capture,125 Fe3O4/ZIF-67@delignified wood for microwave 

adsorption,126 and ZIF-67@delignified wood for the removal of tetracycline from water.127 The 

MOF/wood composites have  great potential in water-based applications, which need high 

affinity between MOFs and wood materials to avoid the leakage of MOFs from the surface of 

the wood channels. 

As summarized in chapter 4.1, to enhance the affinity between cellulose materials and MOFs, 

three main chemical pre-treatment methods, which are adjusting charges, increasing the 

accessibility of the hydroxyl groups, and adding functional groups, can be applied before 

depositing MOFs on cellulose. The most widely used pre-treatment method is adjusting charges, 

including TEMPO oxidation and carboxymethylation. They are often performed in the presence 

of sodium hypochlorite (NaClO) and sodium chloroacetate (ClCH2COONa), which are toxic 

and non-environmental friendly.18,48,128  

In the manuscript shown in chapters 4.2 and 4.3, we developed a universal green pre-treatment 

method for the in situ growth of MOF nanocrystals on wood substrates. In our approach, native 

wood is simply pretreated with sodium hydroxide. This step fulfills simultaneously two main 

functions. Firstly, it ensures the ion exchange of the proton in the wood’s inherent carboxyl 

groups by sodium cations, thereby providing nucleation sites for the subsequent growth of the 

MOF crystals. Secondly, it provides a rough fibrillary structure that aids the MOFs’ anchoring 

to the wooden substrate. Based on this pre-treatment, MOF crystals can be deposited onto the 

wood lumen surface uniformly and firmly via H-bonding and electrostatic interactions. 

Experiments in chapter 4.2 also show the fewer MOFs formed within the wood structures 

without pre-treatment. Different MOFs such as ZIF-8 and MOF-199 can be grown on various 

wood substrates including beech, spruce, and basswood by using this pre-treatment approach.  

In the manuscript presented in chapter 4.4, we further improved the procedure for the growth 

of MOF crystals within the wood substrate. The organic linker used for UiO-66 synthesis is 

2‑aminoterephthalic acid (NH2-BDC). The amino groups within this linker molecule is able to 

form hydrogen bonds with the hydroxyl groups of wood macromolecules (cellulose, 
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hemicelluloses, and lignin). It can facilitate the nucleation and adhesion of UiO-66 crystals 

within the wood channels. This method is “green” and easy to conduct without using the pre-

treatment steps mentioned above, and can be widely used for various MOF formations within 

wood structures, such as MOF(Ni) and MOF(FeCo).  

5.3 Critical role of controlling MOF loading and crystal structure 

Due to the extremely high surface area and pore volumes, MOFs have been used in a variety of 

applications like gas storage and separation,72 catalysis,129 and energy storage.130 The 

functionality of MOFs is the main reason for the application of the MOF/wood composites. 

However, it is difficult to control the MOF loading and crystal structure within the composites.  

5.3.1 MOF loading  

Increasing the MOF loading within the wood materials can significantly improve the 

performance of the composites. As the pore structure of wood is limited by its intrinsic structure, 

the area for MOFs to anchor is also restricted. In the manuscript shown in chapter 4.2, we use 

layer-by-layer methods to increase the MOF loading. The surface area of the ZIF-8/beech 

composites increased from 26 m2 g-1 to 84 m2 g-1 after two cycles of layer-by-layer deposition. 

In the manuscript shown in chapter 4.4, we simply used wood species with higher porosity to 

enhance the MOF loading. The UiO-66 loadings within wood structure range from 0.6 to 

3.2 wt.%, due to the wood substrate selection, in the order of beech, spruce, basswood to poplar. 

The modification methods mentioned above are based on the wood membranes with relative 

high thickness (above 5 mm). In chapter 4.3, ZIF-8/wood composites prepared based on cross-

cut spruce with 1 mm thickness, showed higher ZIF-8 loading (around 9 wt.%). This is much 

higher than ZIF-8 loading of ZIF-8/wood composites prepared from 5 mm thick wood 

membranes (around 1.8 wt.%) and can be explained by the lower permeability of thicker wood 

specimens, limiting their modification. 

5.3.2 The crystal size and structure of MOFs 

As shown in chapter 4.2, the MOF crystal structure and properties within MOF/wood 

composites are not affected by the embedding process. Hence, we can easily control the MOF 

size and crystal structure, when fabricating the MOF/wood composites. As discussed in chapter 

4.3 and 4.4, the MOF crystal structure can be controlled by the ratio of metal ions and organic 

linker as well as synthesis temperature. The crystal size of the MOF deposited on the wood 

surface strongly affects the surface roughness at the nanoscale, leading to the variation of the 

triboelectric output (chapter 4.3). In addition, studies in chapter 4.4 have confirmed that the 



 

177 

hydrothermal synthesis temperature of MOFs influenced the interaction with supported metals, 

leading to the difference in the catalysis activity of the composites.  

5.4 Outlook 

In summary, the studies presented in this thesis show a potential alternative to the processing 

and handling issues of MOF powders. The introduction of MOFs to wood widely expands the 

utilization of wood materials in various fields, including gas adsorption and separation, energy 

harvesting, and hydrogen generation. The mechanical properties of the resulting MOF/wood 

composites clearly surpass those obtained for conventional polymer substrates as shown in 

chapter 4.2. However, there are still a few research topics that need to be explored in the future.  

(a) Improve the understanding of composites 

It is essential to have a deeper understanding of MOF/wood composites in terms of  

functionalization and applications. Techniques like X-ray tomography might be useful as one 

can visualize wood pore arrangements as well as MOF crystals distribution within the wood by 

3D reconstructions with the aid of advanced image software. Detailed investigations with high 

resolution are possible with the help of synchrotron radiation facilities. In combination with 

simulation, the liquid and gas transport pathways within the composites can be predicted prior 

to applying it to real applications.  

(b) Increase the MOF loading  

As mentioned above, the performance of composites can be considerably improved by 

increasing the MOF loading within the wood materials. The principle of the methods we used 

in this thesis is based on keeping the original structure of wood. Delignification is reported as a 

possible method to increase the MOF loading, due to the removal of lignin leading to more 

space for MOFs to anchor.125 However, it will inevitably sacrifice some mechanical properties 

of the composites. Hence, it is essential to find a way to increase the MOF loading within wood 

composites, but retain the mechanical properties of wood. We also need to find ways to establish 

pathways in case of closed lumina in wood during the deposition process of MOFs within wood 

materials. On the other hand, increasing the MOF loading will also lead to problems such as 

low permeability for gas and liquid and weak interaction between MOF nanoparticles and wood 

substrates. We need to pay attention to these possible issues during the fabrication and 

application process.   

(c) Enhance interaction between the MOFs and wood 

https://www.psi.ch/en/x-ray-tomography-group/synchrotron-x-ray-tomography
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In this thesis, hydrogen bonding and electrostatic interactions were used to maintain the MOF 

structure stable on the wood surface, but they are relatively weak when compared with covalent 

bonds. Enhancing the interaction between MOFs and wood is critical for the long-term stability 

of the composite. It may be possible to have post-modifications using cross-linkers after 

preparation of MOF/wood composites to further enhance the interaction of MOFs with wood 

substrates.  

(d) Large-scale 

The fabrication and application of MOF/wood hybrid materials has been conducted at the 

laboratory scale in this thesis. To expand the usage of MOF/wood composites to an industrial 

scale, we need to further adjust and optimize the fabrication process, the application setup, and 

the disposal of the waste in the future. 

Firstly, to accommodate industrial demand, greener, cheaper, and more facile synthesis 

protocols should be explored when fabricating MOF/wood composites. Various promising 

novel synthetic routes, i.e. electrochemical, mechanochemical, microwave, spray drying, and 

flow chemistry synthesis can be employed on MOF synthesis and MOF/wood composites 

preparation.131 These synthesis processes should be able to control the MOF crystal size 

precisely and make it uniformly distributed within the wood scaffold in large-scale fabrication. 

Meanwhile, during the synthesis of the MOFs powders or MOF/wood composites, sometimes 

it is unavoidable to use non-environmental friendly organic solvents or expensive organic 

linkers, which will increase the cost and reduce the safety for preparing the composites.  

Secondly, MOF/wood composites with better performance should be designed for the various 

applications. We also need to optimize the devices and setups in which we apply the composites 

to make them more suitable for industrial-level applications. For instance, it may be possible to 

improve the triboelectric performance of MOF/wood composites by changing the paring 

triboelectric materials or using a different configuration. 

Finally, because of environmental concerns, after-use disposal of the composites must be 

considered. Normally, the wood products can be recovered and utilized or used for energy 

production after service life. However, the disposal/waste management of MOF within the 

wood should be further investigated.    
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