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Abstract 

This review summarizes applications of some of the advanced materials. It included the 

synthesis of several nanoparticles such as metal oxide nanoparticles (e.g., Fe3O4, ZnO, 

ZrOSO4,  MoO3-x, CuO, AgFeO2, Co3O4, CeO2, SiO2, and CuFeO2); metal hydroxide 

nanosheets (e.g., Zn5(OH)8(NO3)2·2H2O,  Zn(OH)(NO3)·H2O, and 

Zn5(OH)8(NO3)2); metallic nanoparticles (Ag, Au, Pd, and Pt); carbon-based nanomaterials 

(graphene, graphene oxide (GO), reduced graphene oxide (rGO), graphitic carbon nitride 

(g-C3N4), and carbon dots (CDs)); biopolymers (cellulose, nanocellulose, TEMPO-

oxidized cellulose nanofibers (TOCNFs), alginate, and chitosan); organic polymers (e.g. 

covalent-organic frameworks (COFs)); and hybrid materials (e.g. metal-organic 

frameworks (MOFs)). These materials were applied in several fields such as 

environmental-based technologies (e.g., water remediation, air purification, gas storage), 

energy (production of hydrogen, dimethyl ether, solar cells, and supercapacitors), and 

biomedical sectors (sensing, biosensing, cancer therapy, and drug delivery). They can be 

used as efficient adsorbents and catalysts to remove emerging contaminants such as metals, 

dyes, drugs, antibiotics, pesticides, and oils in water via adsorption. They can be also used 

as catalysts for catalytic degradation, reduction, and oxidation of organic pollutants. They 

can be used as filters for air purification by capture greenhouse gases such as carbon 

dioxide (CO2) and volatile organic compounds (VOCs).  They can be used for hydrogen 

production via water splitting, alcohol oxidation, and hydrolysis of NaBH4. Biomedical 
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applications such as antibacterial, drug delivery, and biosensing were also reviewed. 

Keywords: Materials; MOFs; Energy; Environmental; Biomedicine. 

 

Introduction 

Materials are things that contain a variety of substances [1–7]. The term ‘material’ was 

coined mainly for solid-state substances that can be used to satisfy the requirement and 

needs of society. Liquid state substances e.g., petroleum oil/gases should not be considered 

as materials; because most of these substances are precursors for materials. There are 

several classes of materials based on strategies including; 1) physical  (e.g., solid-state 

matter or liquid) and chemical properties (organic and inorganic); 2)  sources (e.g., natural 

or synthetic); and 3) biological activity (e.g., biocompatible or toxic; living or non-living). , 

environmental, analytical techniques, and biomedical applications. Natural materials may 

be created from raw materials utilizing a variety of techniques, such as extraction, shape, 

and purification [7].  On the other hand, there are several ways to produce synthetic 

materials. Based on the sorts of materials used, humans divided their antiquity into the 

Stone Age, Bronze Age, and Iron Age. The 19th century, the middle of the 20th century, 

and the second half of the 20th century are all referred to as the "steel age," "plastic age," 

and "silicon age," respectively. Materials improved many applications, including energy 

[8–12], environmental and analytical [13–19],  and biological [20–23]. 

This review summarized the literature for several materials and resources.  Fe3O4, [24–27] 

ZnO [28–30], MoO3 [31,32], CuO [33,34], CeO2 [35,36], AgFeO2 [37], Co3O4 [38–42], 

SiO2 [43–45], and CuFeO2 [46] are examples of metal oxide nanoparticles. Metal 

hydroxide nanosheets include Zn5(OH)8(NO3)2·2H2O, Zn(OH)(NO3)·H2O, and 
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Zn5(OH)8(NO3). Nanomaterials e.g., Ag [47–50], Au [51–54], Pd [55,56], and Pt [57] are 

examples of metallic nanoparticles. Graphene (G) [58–60], graphene oxide (GO) [61,62], 

reduced graphene oxide (rGO)[63,64], and carbon dots (CDs) [65–67] are examples of 

carbon-based nanomaterials.  Biopolymers, such as chitosan [68–70], cellulose [71–73], 

nanocellulose [74–76], and alginate [77] are included. Organic polymers, such as 

conjugated polymers, covalent-organic frameworks (COFs) [78–82], and intrinsic 

microporous polymers (PIMs) [83–85] are covered. Other materials such as ionic liquids 

(ILs) [86–92]; metallodrugs [93]; and hybrid materials, such as metal-organic frameworks 

(MOFs) [94–97] are also reviewed. 

Materials: Synthesis and Characterization 

The matter has been defined as any substance with mass and volume. While Materials 

are terms for objects containing matter or substance. Materials are mainly solid-state 

substances. Most of the liquid or gas state substrates are precursors for materials. They can 

be classified based on 1) uses; 2) structure; 3) chemical properties; and 4) physical 

properties (Figure 1). Based on uses; materials can be classified into building materials 

(e.g. insulation materials for heat insulation),  refractory materials for high-temperature 

applications), nuclear materials, aerospace materials, and biomaterials. The structure of 

materials can be evaluated using microscopy or spectroscopy. The materials can be 

categorized based on the structure into microstructure, mesostructured, macrostructure 

(large-scale structure), and hierarchical structure. A special type of material was defined as 

a metamaterial for the materials that offer a property that is not found in naturally 

occurring materials [98]. Materials can be organic or inorganic (Figure 1). The solid-state 
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solid can be categorized into crystalline and amorphous materials (Figure 1). The materials 

can be classified based on the dimensional to 0D, 1D, 2D, and 3D.  

Material classification is important. Even though this shows major differences across 

different groups, there is frequently confusion over the correct taxonomy for a given item. 

A thin film, for instance, is less than 1 μm thick; but, if the thickness falls below 100 nm, 

the film may be more appropriately categorized as a 2D nanomaterial. In the same way that 

composite materials frequently contain both inorganic and organic components. The term 

for liquid crystals is best defined as having qualities that are transitional between 

amorphous and crystalline phases. 
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Figure 1 Materials classification. 

Materials can be synthesized using a wide number of methods [99–102]. Based on size, 

nanomaterials are the main focus of the current research interests. Nanomaterials are 

particles with a particle size of less than 200 nm. However, some reports call particles with 

a size less than 1000 nm still define as nanoparticles. Thus, they can be mainly synthesized 

via two approaches; bottom-up and top-down (Figure 2). The two approaches aim to 

decrease particle size via a top-down approach or increase size via bottom-up approaches 

(Figure 2). Physical, chemical, and biological methods can be used to achieve this target. 
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The top-down approach uses bulk materials or materials with big sizes. It aims to decrease 

particle size via physical and chemical methods. Synthesis of nanomaterials is state-of-art. 

There is no sharp classification between different methods.   

 

Figure 2 Summary of methods for nanomaterials synthesis with some examples. 

The materials should be characterized after synthesis to ensure the successful synthesis of 

the target materials and confirm their properties. There are a wide number of analytical 

methods used for materials characterization. The characterization techniques can be 

classified based on their principles, usage, and information received from their analysis 

(Figure 3). Data interpretation is tricky and sometimes misleading. Thus, experience is 

highly required to avoid misinterpretation. The data interpretation should be supported by 

other techniques. Most of these techniques can be also used to evaluate the performance of 

the material for specific applications. The standard recipe for the materials characterization 

should include the answer to the main questions of the study including these questions; 

what is the material composition?; what is the material structure, morphology, and particle 
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size?;  and what are the physical properties? Material is different from compounds or 

molecules. Thus, it is a difficult task to fully understand the materials with a limited number 

of characterization techniques. More techniques are highly desirable to decrease the gap 

that exists in material characterization. Simply, do more analysis to understand the 

material's properties. 

Table 1 shows most of the characterization techniques used in the literature. It summarized 

the common techniques that are widely used. We have to admit that there are an unlimited 

number of analytical techniques. Thus, a short list of the important techniques is included 

in this review (Table 1).  These sections will cover the techniques used for the 

characterization of the material's composition, phase, purity, structure, particle size and 

morphology, and porosity. The materials characterization should include qualitative and 

quantitative analysis. 

The chemical composition of nanomaterials is characterized using wide analytical 

methods. Elemental analysis (EA) is commonly used for the analysis of C, N, O, S, and X 

(halide, F, Cl, Br, and I)[103,104]. It is called also ‘CHNX’ analysis. It gives usually the 

ratio of the elements within organic-based nanomaterials with an acceptable standard 

deviation (SD) of 0.3%. EA using the combustion technique is mainly used for organic 

compounds. The chemical composition of organic moieties can be characterized using 

chemical methods such as the sodium fusion test (Lassaigne's test). Techniques such as 

mass spectrometry (MS) can be used for the chemical composition of organic species 

directly based on molecular weight via ionization (Table 1)[105–108]. Mass spectrometry 

can be used for organic and inorganic species with high ionization affinity. The ionization 

of inorganic species is hard. Thus,  powerful techniques are widely used for the ionization 
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of inorganic species via the conversion of the element in the material into the atom. The 

conversion or ionization of the target element into an atom can be achieved via different 

methods such as flame atomizers, plasma (temperature of 6000-10000 K), glow discharge 

atomizers, and others. The composition of inorganic-based nanomaterials is characterized 

using techniques such as inductively coupled plasma mass spectrometry (ICP-MS), ICP-

optical/atomic emission spectrometry (ICP-OES/AES)[109,110], and atomic 

absorption/emission spectroscopy (AAS/AES)[111]. Most of these methods are used for 

the determination of the elements in solution. However, solid-state samples can be 

evaluated via methods such as electrothermal vaporization. The chemical composition of 

the surface can be determined using techniques such as X-ray photoelectron spectroscopy 

(XPS)[112,113], energy dispersive X-ray (EDX), and X-ray fluorescence (XRF)[114]. The 

important aspect of these analyses is the penetration depth of these techniques. EDX and 

XPS analysis is suitable for the thickness of 2 μm and 10-100 Å, respectively. Surface 

analysis techniques such as EDX are not suitable for light elements such as C, N, and O. 

They provide in most cases the ratio between the metals i.e. semi-quantitative analysis.  

Most of the current techniques display the average of the metal species without respect to 

the oxidation state of the metal species. Techniques such as thermogravimetric analysis 

(TGA) can be used to determine the ratio between two different components in composite 

materials [115]. 

The structure of nanomaterials can be evaluated using diffraction techniques such as  X-

ray diffraction (XRD), and electron diffraction (ED, selected area electron diffraction 

(SAED).  XRD is used for crystalline materials with sharp diffraction peaks at specific 

Bragg angles. The structure of poor crystalline materials can be solved via the pair 
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distribution function (PDF) using the XRD pattern. XRD requires a big crystal to perform 

single-crystal XRD (SXRD). Small crystals can be characterized using powder XRD 

(PXRD). The structure solution of small crystals such as nanoparticles using PXRD is a 

big challenge due to several reasons such as peaks overlap, and preferred orientation. Thus, 

techniques such as SAED are used to calculate the unit cell parameters that can be then 

used to refine the PXRD data for structure solution. XRD offers the structure for the 

crystal’s average. In some cases, the changes in the material take place in the point or plane 

of the crystal. Thus, it is hard to use XRD for the material characterization. This challenge 

can be solved using local structure techniques such as Mössbauer spectroscopy, X-ray 

absorption spectroscopy (XAS, e.g., extended XAS fine structure (EXAFS), electron 

energy loss spectroscopy (EELS), and X-ray absorption near edge structure (XANES)), 

and XPS. The connectivity can be also evaluated using techniques such as Fourier 

transform infrared (FT-IR), and nuclear magnetic resonance (NMR). The inner electronic 

structure (e.g. oxidation state and the ratio of multi-valence element) of specific atoms in 

a material can be characterized using techniques such as X-ray fluorescence 

(XRF), particle-induced X-ray emission, XPS, and Auger electron spectroscopy. 

Particle morphology can be determined via imaging using microscopy such as optical light 

microscopy (OM) or digital microscopy. However, the maximum magnification power of 

OM is 1000x due to the low resolving power of visible light. Thus, other techniques such 

as electron microscopy (transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM)) are widely used for the characterization of small particles such as 

nanoparticles (1-200 nm). The particle morphology can be determined via a physical probe 

using scanning probe microscopy  (SPM, e.g., atomic force microscopy (AFM), 
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STM, scanning tunneling microscopy (STM), and scanning probe electrochemistry (SPE)). 

These techniques offer two-dimensional images. However, several shots can be used, and 

a model can be built for a three-dimensional (3D) image. TEM is the widely used technique 

for 3D models via TEM tomography.  

Particle size is an important parameter for materials characterization. It can be determined 

using TEM, SEM, AFM, and other microscope techniques. These techniques are used for 

the solid-state form. Particle size distribution (PSD) can be obtained via the analysis of 

large particle numbers. The analysis of the particle size of a particle dispersed in a liquid 

can be evaluated using different techniques such as dynamic light scattering (DLS), and 

laser diffraction spectroscopy (LDS). Based on the sources i.e., light or laser, these 

techniques are named. DLS data is affected by several parameters such as temperature, and 

concentration.   The theory of the DLS analysis is based on the spherical particle. Thus,  it 

isn't reliable data for particles with other morphologies. Other techniques such as 

nanoparticle tracking analysis (NTA)  can be also used for visualizing and analyzing 

particles in liquids following Brownian motion. NTA can be used for the determination of 

a size distribution profile of particles with a diameter of 10-1000 nm. Both DLS and NTA 

are based on the Brownian motion. The main difference is in the analysis strategies.  NTA 

is based on video-individual particle positional changes, while, DLS visualizes the total 

particles using a digital correlator. 

The optical properties of nanomaterials are determined using absorption, emission, and 

scattering techniques. UV-Vis absorption spectroscopy for well-dispersed nanomaterials 

in liquid or via diffuse reflectance spectroscopy (DRS) in the solid state.  These techniques 

characterize the band gap of the nanomaterials suggesting their potential applications such 
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as photocatalysis. The emission techniques such as fluorescence (FL) and 

photoluminescence (PL) are the complementary data for absorption techniques. FL and PL 

are important for the characterization of the emission of the material suggesting the charge 

transfer within the materials.   
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Table 1 Summary of characterization techniques used for materials evaluation. 

Information Type Techniques Comments 

C
o
m

p
o
si

ti
o
n

 

  
  

Q
u
al

it
at

iv
e EA C, O, N, S, X analysis, combustion techniques; determining the ratio of elements from within the sample 

MS Ionization techniques for organic species; give information for molecular weight, and mass per charge 

(m/z); Can be extended for particle distribution into a material via imaging technique 

  
  
  
  
  
  
  
  
 

Q
u
an

ti
ta

ti
v
e 

AAF Measure element in solution as ppm; require digestion with an acid such as nitric acid 

ICP-MS Sensitive; for liquids; sample pretreatment via acidic dissolution is required 

ICP-

OES/AES 

XRF Use X-ray for element excitation; can detect ppb 

XPS For surface analysis  with a penetration depth of 10-100 Å 

EDX Surface analysis technique; Penetration depth of <1000 Å, not suitable for light elements 

TGA Determine the ratio between components; distinguish among components based on  temperature 

S
tr

u
ct

u
re

 

Crystal XRD SXRD for big crystal; PXRD for powder or small crystal; Avergae of the structure 

SAED Use for cell parameters determination; 3D diffraction can be achieved using different shots 

Local EXAFS Can be used for specific elements in a nanomaterial; require synchrotron facilities 

EELS TEM-based analysis using electron beam; complementary to EDX 

XPS Available; local structure of each element in the sample can be obtained via peak deconvolution 

Connectivity FT-IR Useful for bond changes or formation 

NMR Can be used for liquid and solid state 

Inner 

electronic 

EXAFS, 

EELS, XPS 

Determine oxidation state and element valences 

M
o
rp

h
o

lo
g
y

 

Light OM Maximum magnification 1000x;  

Electron TEM Offer 3D model via tomography; can be used for < 1 nm;  

SEM Surface imaging, perfect for morphology, particle size > 25 nm 
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Probe SPM e.g., AFM, STM,  and SPE 

  
  
  
  
  
  
  
 S

iz
e 

Solid TEM Can be used for particles less than 1 nm; High-resolution TEM can be used for lattice fringes determination 

SEM Particle size > 25 nm; can be used for the determination of 2D thickness 

AFM Use for the thickness determination of 2D nanomaterials 

liquid DLS Measure the light scatters in all directions; Rayleigh scattering; is used only for the particles smaller than 

the light wavelength (< 250 nm). 

LDS Record the diffraction of a laser beam due to a the interaction with ny particles.  

NTA Laser techniques;  10-1000 nm;   Brownian motion 

O
p

ti
ca

l 

P
ro

p
er

ti
es

 Absorption UV-Vis Liquid phase; characterize electronic transition within nanomaterials 

DRS Determine the optical band gap for solid-state nanoparticles 

Emission FL Characterize the excitation-emission transition; a useful technique for charge transfer characterization 

PL Similar to FL; used for particles with long-lifetime emission  

Notes: Atomic force microscopy, AFM;   atomic absorption/emission spectroscopy, AAS/AES; nanoparticle tracking analysis, NTA; 

STM, scanning tunneling microscopy, STM; Scanning Probe Electrochemistry, SPE; inductively coupled plasma mass spectrometry, 

ICP-MS; ICP-optical/atomic emission spectrometry (ICP-OES/AES); scanning probe microscopy, SPM. 
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Applications 

Our research group can test materials for several applications. Most of these applications are 

summarized as shown in Figure 3.  The materials were reported for three main areas of research 

including energy, environmental, and biomedicine. The applications in the energy field can be 

1) hydrogen generation via hydrolysis of sodium borohydride (NaBH4), 2) photocatalytic water 

splitting for hydrogen generation [116,117], 3) photocatalytic alcohol oxidation for hydrogen 

generation and carbonyl compounds synthesis [118,119]; 4) supercapacitors [120], 5) lithium-

ion battery,  and 6) dye-sensitizing solar cells (DSSCs) [121]. The applications for 

environmental-based technology can be 1) water treatment via pollutants removal e.g., 

adsorption and degradation, 2) air purification; removal of greenhouse gases via adsorption 

[122], 3) adsorption/photocatalytic oxidation of volatile organic compounds (VOCs)[123], 4) 

photocatalytic degradation of drugs, antibiotics, and pharmaceuticals [124], 5) heavy metal 

removal via adsorption [125], and 6) precious metal recovery [126]. Biomedical applications 

can be 1) cancer therapy; chemotherapy, photodynamic, and photothermal, 2) drug delivery 

[127,128], 3) gene delivery using cell-penetrating peptides (CPPs)[129,130], 4) antimicrobial 

agents; antibacterial, and antifungal [131–136], 5) nanotoxicity and environmental fate for 

nanoparticles [137–139], 6) bone regeneration, 7) wound healing, 8) tissue engineering, 9) 

nanozymes and MOFZyme (artificial enzyme based on MOFs materials), 10) biosensing of 

biomarkers, biological heavy metals, enzymes, and proteins; 11) detection and analysis of 

pathogenic bacteria; 12) proteomics and clinical research [140]; 13)  synthesis of biologically 

active compounds [141,142]; and 14) investigate effective matrix for matrix-assisted laser 

desorption ionization mass spectrometry (MALDI-MS) [143,144]. 
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Figure 3 The structure and application reviewed in this review.  

 

Over 80% of industrial processes use catalysis, accounting for $1.5 trillion in yearly global 

sales, or 35% of the global GDP [145]. The oxidation of organic compounds like 

alkenes/olefins, alcohol, and dyes is one of several catalytic processes that is crucial for 

environmental concerns and the production of fine chemicals like medications, paints, and 

surfactants. The chemical synthesis of useful and valuable compounds depends on the 

conversion of alcohols by an oxidation process to aldehydes. Additionally, some applications 

need the catalytic oxidation process, including the oxidation of air pollutants [146,147], volatile 

organic compounds (VOCs)[148–151], and aqueous pollutants for water treatment [152–154]. 
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Therefore, the goal of current research is to create a suitable catalyst for the oxidation reaction.  

Aldehydes, ketones, and other carbonyl compounds are often synthesized using a lot of 

oxidizing agents like potassium permanganate. However, these oxidants left behind residues 

that were harmful to the environment. Therefore, more research should be done to identify an 

appropriate oxidant with minimal adverse effects on the environment. For use in fine chemistry, 

the noble metal was said to catalyze alcohol oxidation [155–157]. They have great selectivity 

and strong catalytic activity. However, they are pricey and need to be used or recycled 

carefully. 

According to the Intergovernmental Panel on Climate Change (IPCC) study 

(https://www.ipcc.ch/), the average world temperature is predicted to climb by 1.9 °C in 2100. 

According to predictions made by the IPCC, the amount of CO2 in the atmosphere will rise 

from 400 parts per million (ppm) in 2019 to 950 ppm in 2100. The ecosystem and humanity 

are seriously threatened by the climate's irreversible temperature fluctuations. One of the main 

contributors to global climate change is the production of gases. 

Methane (CH4), ethane (C2H6), and ethene (C2H4) are examples of condensable organic gases. 

Inorganic gases, such as hydrogen (H2), carbon dioxide (CO2), carbon monoxide (CO), 

nitrogen (N2), oxygen (O2), and noble gases like He-Kr, are incondensable inorganic gases.  

Global climatic changes are mostly caused by greenhouse gases like CO2 and NOx. One of the 

main contributors to global warming among these gases is CO2 emissions from human 

activities including breathing, industrial operations, and the burning of fossil fuels [158–168].  

As a result, several techniques, including adsorption and sequestration, were described for CO2 

capture and utilization (CCU) [169]. 

Carbon dioxide (CO2) levels in the atmosphere have grown by 40% (from 280 ppm to 406 ppm 

in 1750 and 2017, respectively). According to the Intergovernmental Panel on Climate Change 
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(IPCC), atmospheric temperatures will rise by 2 °C by 2036 at the present CO2 emission rates. 

As a result, many methods to lower the amount of human CO2 in the atmosphere have been 

described. It is possible to employ metal-organic frameworks (MOFs) [79–85], including ZIFs 

for CO2 adsorption [177], to reduce the number of greenhouse gases in the atmosphere [178–

183]. MOFs [184] have been used as adsorbents [185,186] and as catalysts for the chemical 

fixation and photochemical reduction of CO2. ZIFs have excellent CO2 collection potential. 

Without experiencing a discernible decline, ZIF-8 demonstrated good selectivity for CO2 

adsorption over N2 [187–189]. 

The main greenhouse gas produced by humans and the main cause of climate change has been 

identified as carbon dioxide (CO2) [190]. The sequestration of CO2 from the flue gases 

produced by the burning of fossil fuels has been suggested using a variety of techniques, such 

as membrane separation, chemical absorption with solvents, and adsorption with solid 

adsorbents [100,101]. The creation of a low-cost adsorbent with high selectivity and capacity 

is necessary for this strategy to be successful [100,101]. An approach for sequestering carbon 

that shows promise is carbon dioxide adsorption in the solid-state adsorbent. Adsorption using 

solid adsorbents is simple to execute in a practical application and needs little energy. 

Due to their extreme toxicity and propensity to accumulate in living things, cadmium (Cd) and 

lead (Pb) are particularly concerning trace heavy metal ions that can contaminate water. They 

can neither be metabolized nor biodegraded. The neurological, renal, skeletal, nervous, 

digestive, and reproductive systems can all sustain direct harm from exposure to Cd(II) or 

Pb(II), in addition to cancer. Over the past few decades, a variety of techniques for Cd(II) and 

Pb(II) removal from aqueous solutions have been studied. Adsorption stands out among these 

techniques because of its beneficial attributes, including its high efficiency, straightforward 

design, easy regeneration, and cheap operational cost.  The need for clean drinking water is 

increasing exponentially as the world's population grows [193]. Several catalysts were reported 
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for oxidation via advanced oxidation processes (AOPs) [154]. Explore new materials that may 

advance AOPs for high catalytic performance and better selectivity toward the target 

molecules. Utilizing nanomaterials, AOPs are the name given to these reactions [194]. The 

interaction between a catalyst and H2O2 produces highly oxygen-reactive species (ROS) or 

hydroxyl radicals (•OH). For oxidation through AOPs, a variety of catalysts have been reported 

[60]. Investigate novel materials that might improve AOPs for improved selectivity towards 

the target molecules and higher catalytic performance [195]. 

Due to their special characteristics and usage in several modern industrial applications, rare 

earth elements (REEs) recovery is receiving increased attention [175,196]. Significant work 

has been put into the development of very efficient techniques for the recovery of REEs. For 

the recovery of REEs, several techniques have been used, including precipitation [197], solvent 

extraction [198], ionic liquids [199], and adsorption [200,201]. Adsorption is one of the most 

efficient methods for separating and recovering various metal ions from aqueous solutions due 

to its high selectivity, simplicity of use, and environmental friendliness. It is crucial to use the 

right adsorbents while removing REEs from aqueous solutions. A good adsorbent should be 

highly recyclable and have a high adsorption capacity. 

Hydrogen is a promising substitute for fossil fuels among the advanced energy technologies 

[202–209]. Atomic hydrogen includes metal hydrides (MH), such as alanetes (MAlH4) and 

borohydrides (MBH4), as well as molecular hydrogen, which is utilized for pressurized 

containers and liquid hydrogen tanks [210]. Several techniques can be used to create hydrogen 

for use in fuel cells [211–221]. The first study on the use of hydrogen as an energy source, 

titled The Hydrogen Economy-An Ultimate Economy?, was published in 1972 [222]. 

Hydrogen has the highest combustion calorific value (1.4 108 J/kg) compared to all fossil and 

biofuels [223]. 
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Due to its high energy density (142 MJ/kg) and ecologically favorable byproduct (water), 

hydrogen gas is a prospective source of clean energy [224]. Numerous processes, such as 

water oxidation or splitting [133] (electrolysis [225–229], thermolysis, and photocatalytic 

water splitting [230]), as well as the use of phototrophic microorganisms (biohydrogen, 

BioH2) [217], can be used to produce it. To provide hydrogen to end consumers on demand, 

the hydrolysis of hydrides, such as sodium borohydride (NaBH4), appears promising [231]. 

Direct borohydride fuel cells (DBFCs), proton exchange membrane fuel cells (PEMFCs), 

unmanned aerial vehicles, and low-temperature fuel-cell applications are among the portable 

and on-site hydrogen fuel systems that can use this method. 

The method is effective and secure for producing hydrogen. At normal temperatures, it 

produces hydrogen with a comparatively high capacity. NaBH4 hydrolysis produces hydrogen 

with a high purity level and a relatively large hydrogen capacity (10.8 wt.%) through a 

manageable procedure. NaBO2, a result of hydrolysis, is another intriguing option for 

hydrogen storage in solid states. As a result, many heterogeneous and homogeneous catalysts 

for the hydrolysis and alcoholysis of aqueous NaBH4 solution were described [224]. However, 

the procedure occasionally needs pricey metals like platinum and ruthenium as catalysts. Most 

modern catalysts are neither stable nor highly efficient [232,233]. Therefore, a catalyst that 

can perform several activities at a low cost is essential. 

Given the potential of hydrogen gas as a fuel shortly, several manufacturers, including Toyota, 

Hyundai, and Honda, have lately marketed hydrogen-powered automobiles [223]. For the 

creation of hydrogen, many techniques have been documented. Hydrolysis of hydrides is one 

of these ways that is appealing because it has several benefits, including high hydrogen storage 

(1 mol NaBH4 creates 4 mol H2), which is significantly more effective than other known 

hydrogen storage materials. NaBH4 is low in weight and volume and generates hydrogen with 

excellent purity. The technique yields a high rate of hydrogen generation and a high adequate 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


20 
 

hydrogen storage capacity (10.8 wt.%), both of which are adjustable.  Although the process is 

sluggish, a catalyst is needed to speed it up. Thus, many catalysts were suggested for the 

hydrolysis of NaBH4 to liberate hydrogen. Ru, Pt, and Pd, which are pricey precious metal 

catalysts, are used less frequently as a catalyst for NaBH4 hydrolysis, which produces 

hydrogen. As a result, less costly transition metals have been proposed to take their place [234]. 

Additionally, to improve the performance of these catalysts, assistance is frequently needed. 

When compared to alternative supports including MXene, MoS2, and carbon nanotubes 

(CNTs), ZIF-8 showed superior support for transition metals like cobalt [235]. To produce 

hydrogen by hydride hydrolysis, many catalysts incorporating ZIF-8, including Co@ZIF-8 

[235], CoB@ZIF [236], and Ru@ZIF-67 [237], have been reported. Although these 

Due to environmental concerns and the scarcity of fossil fuels, there is a discernible interest in 

creating renewable energy sources [238–242]. Molecular hydrogen (H2) is a prospective energy 

carrier that can be produced from renewable sources and has a high energy density and power 

efficiency, among other innovative energy-based technologies [243]. It may be made in many 

ways, such as via electrolysis-based water splitting or photocatalysis[244–248]. There are 

various ways to split water, including electrocatalysis and photocatalysis [249–255]. Some 

reported photocatalysts, however, have drawbacks including poor catalytic sites and quick 

recombination of the produced electron-hole (e/h+). These semiconductors might be used to 

create a heterojunction photocatalyst, which could overcome some difficulties  [256,257]. 

A possible commercial method for creating hydrogen gas, aldehydes, and ketones is the 

dehydrogenation of alcohols [256–260]. For the synthesis of acetone and hydrogen, 

isopropanol dehydrogenation has promise. The method suggests hydrogen as a potentially 

clean and viable energy source [170,171]. Additionally, the other product, acetone, is a crucial 

chemical reagent for use in both industrial and laboratory settings. It may be utilized as a 

source of energy [263], as a solvent or reactant in the manufacture of medicines, and as 
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significant chemical reagents such as methyl methacrylate, bisphenol A, vinyl and acrylic 

resins, lacquers, paints, inks, cosmetics, and varnishes [264].   

Drug delivery and gene therapy may help with cancer treatment. Diseases treatment using 

gene-based therapies has gained significant attention over the past decades [265]. The 

fundamental idea of gene therapy is to alter or modify defective/missing gene sequences to 

cure inherited diseases, including cancer [266]. Gene delivery is considered an alternative 

method to traditional chemotherapy used in treating cancer. However, the transfection of the 

cell by oligonucleotides (ONs) is tedious due to cell degradation, and low efficiency of cell 

internalization. Therefore, there is an obvious demand for efficient nucleic acid delivery 

systems that would ideally promote intracellular delivery. Viral and non-viral vectors were 

reported as a carrier to improve the cell transfection of oligonucleotides. Among several types 

of non-viral vectors, cell-penetrating peptides (CPPs), short peptides with sequences less than 

30 amino acids, are promising [267]. CPPs show high biocompatibility and offer the potential 

for large-scale production. However, CPPs exhibit low transfection efficiency [268]. Hybrid 

conjugation of CPPs with inorganic nanomaterials improved their efficiency and may open 

new venues for multifunctional treatment [269–271]. 

Metallic Nanoparticles 

Metallic nanoparticles e.g., silver (Ag), gold (Au), palladium (Pd)[272], and platinum (Pt), 

advanced several applications. Silver nanoparticles have been used for many applications such 

as catalysis [273], energy [274], biosensing [275], laser desorption/ionization mass 

spectrometry (LDI-MS) and mass spectrometry imaging (MSI) [276], and others [277]. In our 

lab, we investigated Ag NPs' antimicrobial activity against bacterial flora of bull semen [278]. 

AgFeO2 exhibit high antibacterial activity against several bacteria species [279,280]. Ag NPs 

were used as a probe for the detection of the freshness of fruits and vegetables via graphene-

enhanced Raman spectroscopy (GERS) [281]. Silver nanoparticles can be used as a surface for 
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microextraction proteins and other analytes for the analysis using surface-assisted laser 

desorption-ionization mass spectrometry (SALDI-MS) [282]. It can be also modified with 

chitosan for the separation and detection of biothiols [37].  

The spermicidal effects of Ag NPs against flora bacteria were reported [278]. Silver salts were 

mixed with melamine. The mixture was then polymerized at 550 oC to generate graphitic 

carbon-embedded Ag NPs i.e. Ag@C NPs.  Analytical techniques such as XRD, XPS, AAFS, 

TEM, and HR-TEM confirm the material's phases, composition, morphology, and particle size. 

Ag@C NPs display a particle size of 1-5 nm with an average particle size of 2.5 nm. The 

nanoparticles were embedded into carbon. Ag@C NPs were investigated as antimicrobial 

agents in bacteriospermia of fresh semen collected from five fertile bulls. They exhibited high 

antibacterial activity against bacteria species found in semen such as Escherichia coli (E. Coli), 

Staphylococcus aureus (S. aureus), and Pseudomonas aeruginosa (P. aeruginosa). It offered 

minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of 

3.125-12.5  and 3.125 μg/mL, respectively. There was no detrimental effect (P ˃ 0.05) on the 

percentage of sperm motility, plasma membrane integrity, acrosome integrity, and normal 

sperm morphology at concentrations of 15-30 μg/mL. Ag@C NPs is a promising antibiotic 

agent for bull semen extender during cold storage. It can be used in applications such as the 

field of artificial insemination [278].  The antibacterial activity of silver ferrite (AgFeO2) was 

investigated. AgFeO2 was modified with polyethylene glycols (PEGs) to render their 

dispersion high [279,280]. The antibacterial activity against pathogenic bacteria was quantified 

using plate counting, and the turbidity using optical density at wavelength 600 nm (OD600). 

AgFeO2 nanoparticles exhibited high antibacterial activity [279,280]. 

Silver nanoparticles were modified with 1-octadecanethiol (1-ODT)/4-amino thiophenol (4-

AMP) and 1-ODT/1-thioglycerol (1-TG) to prepare Ag@ODT/AMP and Ag@ODT/TG, 

respectively [282].  The materials were used in microextraction as a pseudo-stationary phase 
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via single-drop microextraction (SDME). They can extract proteins and peptides e.g., insulin, 

ubiquitin,  cytochrome c, cysteine, homocysteine, and lysozyme. The separated proteins can be 

detected after extraction using MALDI-MS. The method can be used for the analysis of real 

samples e.g., urine and milk [282].  Silver ferrite iron oxide nanoparticles (AgFeO2 NPs) were 

reported for biothiols separation [37]. AgFeO2 and AgFeO2 modified chitosan (AgFeO2@CTS 

NPs) can be used for the separation of biological thiols e.g., sulfamethizole, thiabendazole, 

dithiothreitol, and glutathione before the analysis using MALDI-MS and surface assisted laser 

desorption/ionization mass spectrometry (SALDI–MS) [37]. 

Au NPs enhanced GERS detection of the freshness of fruits and vegetables [281]. It can be 

used as a probe for surface-enhanced Raman spectroscopy (SERS, Figure 4). Au or Ag 

nanoparticles were synthesized into reduced graphene oxide nanosheets (e.g., Au@G and 

Ag@G). The materials can be used as a probe for the analysis of the freshness of fruits and 

vegetables (e.g., Carrot, Wax apple, Lemon, Red pepper, and Tomato) [281]. One-pot synthesis 

of Au NPs@carbon dots was reported for the cytosensing of metals in cancer cells [283]. Au 

NPs enhanced the analysis of simple molecules to intact cells using SALDI-MS [284]. 
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Figure 4 Schematic representation for GERS analysis of fruits and vegetables using Ag and 

Au NPs. Figure reprinted with permission from Ref. [281]. 
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Noble metal-based catalysts with high hydrogen generation rates (HGR) have greater catalytic 

activity for the hydrolysis of NaBH4 [285–294].  For the hydrolysis of NaBH4, ruthenium-

based catalysts were often utilized. Different materials have been used to support noble metal-

based catalysts [285–293]. The HGR of the Ru catalyst was higher than that of the Ni3B and 

Co3B catalysts, which had HGRs of 1.3 mL/min•g and 6.0 mL/min•g, respectively [295]. 

Ti3C2X2 (X = OH, F) (a transition metal carbide that resembles graphene and is loaded with 

Ru) had an HGR of 59.04x103 mL/min•g [296]. At room temperature, Ru(0) nanoclusters 

displayed a maximum HGR of 96.8x103 mL/min•g [297]. Additionally, it may be supported 

by reduced graphene oxide (rGO) via polyvinylpyrrolidone (PVP) stabilization and 

electrostatic self-assembly  [298]. By employing an aqueous ammonia borane solution to 

reduce Ru3+, chitin-supported Ru was created [299]. The HGR for NaBH4 hydrolysis at 30 °C 

is as high as 55.290x103 mL/min•g with an activation energy of 0.07 wt.% Ru. Noble-based 

catalysts such as Ru–Ni exhibit good durability and excellent recyclaibility over 300 cycles 

[300].  

Pd has been reported in a variety of forms, including Pd-supported carbon powder (Pd/C) and 

Pd-C thin films [234]. NaBH4 was hydrolyzed using Co3O4 that had been treated with Ru, Pt, 

and Pd nanoparticles (NPs) [301]. In comparison to Pt-Co3O4 and Pd-Co3O4, which displayed 

HGRs of 4713 mL/min•g and 3445 mL/min•g, respectively, at 25 oC, Ru-Co3O4 demonstrated 

the greatest HGR of 6514 mL/min•g. These numbers depend on how much NaOH is present 

[301]. In comparison to Pt/LiCoO2, the HGR utilizing Ru/LiCoO2 is somewhat greater [302]. 

Single noble elements [303–309], and bimetallic nanoparticles [310–312] were reported. Noble 

elements [313–318] and be used as promoters for transition metal-based catalysts  [229–331]. 
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Carbon Nanomaterials and their Applications 

Zero-dimension carbon can be also known as carbon dots (CDs), carbon nanodots (C NDs), or 

carbon quantum dots (CQDs) [422–428].  CDs were applied for several promising applications 

such as drug delivery [429], imaging [430–434], sensing [423,435–437], biosensing [438],  

energy-based applications [439], biomedical [440], and theranostic [441]. Carbon nanodots, 

including CDs, graphene quantum dots (GQDs), or CQDs, are emerging new carbon allotropes 

nanomaterials [442–444].  Carbon nanomaterials have advanced electrochemical-based 

applications [434,445]. CDs have advanced electrochemical applications [446,447] such as 

O2  and H2O2 reduction [448], and biosensing of glucose [449–455]. 

C-dots can be doped with P [456], N [457], S [433], F [458], B [459], nitrogen and sulfur co-

doped carbon dots (N, S-CDs) [460,461], and N/B [462]. C dots exhibit good optical properties 

including photoluminescence in the visible range [463,464], and high quantum yields 

(QY)[424,465]. The photoluminescence properties of CDs can be tunable by changing their 

size, surface modification with functional groups at the graphitic edges of the materials, doping 

with heteroatoms, or selecting a suitable synthesis method [466,467]. They can be tuned 

offering fluorescence emission from blue to green [456,468]. It has been used for tackling 

COVID-19 [469], the virus [470]. It offered naked eye sensors [471]. N-doped CDs especially 

exhibit remarkable acid-evoked fluorescence enhancement under acidic conditions [472]. 

Two-dimensional carbon nanomaterials such as graphene, graphene oxide (GO), and reduced 

graphene oxide were intensively used for several applications. Graphene oxide was used for 

rare-earth metal adsorption [201]. It can be modified with thymine for selective detection of 

toxic heavy metals such as mercury (Hg(II)) [193]. The layer structure of GO enables the 

intercalation of an organic matrix such as sinapinic acid [473]. GO can be modified with SiO2 

for SALDI-MS [474]. It can use for heavy metal detection such as mercury ions [475], lipids 
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[476], and metallodrugs [477]. It exhibited high efficiency for bone and skin wound 

regeneration [478] and wound healing [479]. It can use for the drug delivery of in-soluble 

antibiotics such as gramicidin [480]. It can be used as a co-carrier to enhance the gene 

transfection of CPPs [271]. GO/cellulose nanocomposite accelerated skin wound healing [481]. 

2D carbon nanomateials such as g-C3N4 and GO were reported for repairing of bone defects in 

rabbit femurs [482]. Biological analysis of osteogenesis was performed using X-ray, 

computed tomography (CT) and qPCR analysis. The expression meeasurment 

for osteocalcin (OC) and osteopontin (OP) were also included. Based on the 

data analysis, g-C3N4 exhibit amount of OC and OP leading to bone defects 

repairing. Graphene can be used as a surface for SALDI-MS [483]. 

Metal Oxides 

Metal oxides such as CeO2 enabled the extraction and detection of pathogens proteins [484]. 

Fe3O4@SiO2 enabled rapid and direct identification of pathogenic bacteria from blood using 

[485]. Magnetic nanoparticles modified graphene oxide was reported for separation and 

preconcentration of pathogenic bacteria for sensitive detection using MALDI-MS [486]. 

Chitosan magnetic nanoparticles were reported for endotoxin separation and detection using 

SALDI-MS [487]. ZnO nanoparticle-modified polymethyl methacrylate (PMMA) was used for 

dispersive liquid–liquid microextraction for rapid analysis of pathogenic bacteria using 

MALDI-MS [488].  SnO2@GO exhibited high antibacterial activity [489]. 

Commercial MoO3 was used for the exfoliation to synthesize a few layers of MoO3-x (Figure 

5) [490]. The synthesis procedure involved the reflux of a bulk α-MoO3  at 80 °C in water for 

7 days. The prepared MoO3–x nanosheets displayed infrared plasmonic properties offering 

localized surface plasmon resonance (LSPR) peaks at 954 and 1160 nm due to the oxygen 
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vacancies upon light excitation.  The plasmonic properties of the nanosheets can be enhanced 

using visible light irradiation for only 10 min. The materials were used as photocatalysts for 

dye degradation under visible light irradiation [490]. 

 

Figure 5 The Exfoliation of α-MoO3 into MoO3–x Nanosheets. Figure reprinted from Ref. 

[490]. This is an Open Access Article. Copyright belongs to the American Chemical Society 

(ACS). 

 

Ruthenium oxide (RuO2) with mesopore was synthesized via a surfactant-assisted procedure 

[209]. The mesoporous structure of RuO2 was achieved using surfactants as a template. The 

materials exhibited higher catalytic oxidation activity of water using ceric ammonium nitrate 

(CAN). This is a chemical oxidation of water using CAN as oxidant. 

Magnetic nanoparticles can be synthesized via several procedures including laser techniques 

[491]. Abdelhamid reviewed the application of delafossite nanoparticles in energy, 

nanomedicine, and environmental applications [492]. Magnetic nanoparticles of  Fe3O4 were 
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incorporated into polyplexes of CPPs/oligonucleotides (ONs) for cell transfection [270]. Three 

different oligonucleotides (e.g., plasmid (pGL3), splicing correcting oligonucleotides (SCO), 

and small interfering RNA (siRNA)) and six CPPs (e.g. PeptFect220 (denoted PF220), PF221, 

PF222, PF223, PF224, and PF14) were investigated. Magnetic nanoparticles enhanced the cell 

transfection up to 4-fold compared to the noncovalent PF14-SCO complex, which exhibited 

higher efficiency compared to a commercial vector called Lipofectamine™2000 [270].  

Meta oxide of transition metals is an effective catalyst for the hydrolysis of NaBH4   [379,493]. 

Cobalt-based catalysts are frequently utilized as catalysts for the hydrolysis of NaBH4 to 

produce hydrogen. When NaBH4 pellets were combined with 5% CoCl2 to create H2 gas, 

Schlesinger et al. discovered the catalytic performance of cobalt boride (Co-B) in 1953 [494]. 

One of the often-used active metals for the hydrolysis of NaBH4 to produce hydrogen is cobalt 

[495]. The hydrolysis of NaBH4 is catalyzed by cobalt chloride at a rate that is ten times greater 

than that of an acid accelerator like boric acid. The solid black precipitate that was produced 

during the reaction had an atomic ratio of roughly 2 (Co: B) i.e., Co2B, according to chemical 

analysis. The active catalyst for the hydrolysis of NaBH4 was cobalt boride (Co2B). The 

catalysis can be performed using single transition metal [405,406], bimetallic [407], ternary 

[408,409], quaternary [382,501],  and multi-elements containing [502]. ZnO was synthesised 

via sol-gel procedure and was applied as catalyst for the hydrolysis of NaBH4 [503]. The 

synthesis procedure offer simple modification of ZnO nanoparticle with other metal oxides 

such as TiO2 and CeO2 [503]. 

Metal oxide based on transition metal nanomaterials can be used as effective catalysts and 

support materials  [504]. They exhibited high catalytic performance with low activation energy. 

Magnetic transition metal oxide can be recyclable after separation simply via an external 

magnet [505,506]. They can be synthesized in wide forms including alloy [507–510]. They 

offered high HGR 419–429].  Several transition elements were reported including Co-based 
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NPs [522,523], Ni-based nanomaterials [524–526], Mn [527], SiO2 [528], TiO2 [516],  and Ce–

Ni [529]. 

Quantum Dots (QDs) 

Quantum dots (QDs) are nanocrystals with particle sizes less than 10 nm [530]. Cadmium 

sulfide (CdS) quantum dots were used for selective biosensing of Staphylococcus aureus [531] 

and proteomics [532,533]. It can be used as a surface for the analysis of several analytes using 

SALDI-MS [534]. It enabled soft ionization offering the analysis of labile compounds such as 

metallodrugs [535]. It can also be used for fluorescence spectroscopy [536]. CdS QDs were in-

situ grown into chitosan (CTS) enabling CdS QDs@CTS [537,538]. The material CdS@CTS 

exhibited selective interaction with Cu2+ due to the formation of Cd1-xCuxS [537,538].  The 

positive charge on chitosan exhibited also high interaction with the negative charge on the 

bacteria cell membranes [539]. CdS@CTS was also reported as a carrier for drug delivery of a 

natural anticancer drug called sesamol [540].  

Biopolymers 

Biopolymers including polysaccharides are intensively applied for biomedical applications 

[77,541,542]. Polysaccharides were applied as excipients for tablet formulation, dental 

implants, bone/tissue engineering, and drug delivery [541,542]. They can also be used for 

antimicrobial textiles [543–545].  Silver ferrite (AgFeO2) can be modified with chitosan to 

render their external surface positive for biothiol separation [37]. Alginate can improve the 

gene delivery of oligonucleotides [77,546]. Modern technology such as 3D printing enabled 

simple processing of polylactic acid and hydroxyapatite for water treatment [547]. 

Anhydroglucose monomer is joined through β-(1-4) bond to form the natural linear-structural 

biopolymer known as cellulose (C6H10O5)n, where n is the degree of polymerization and ranges 
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from 1000–5000 depending on the source utilized to extract the cellulose) [548–556]. The most 

reliable sources of cellulose include plants, seaweeds, sugarcane bagasse, tunicate, marine 

algae, and bacteria [557–560]. Over a few hundred billion tonnes of cellulose are produced 

annually. Over time, the market's demand has been rising steadily. High stability in acidic 

environments, chirality, high tensile strength, good elastic modulus (130-150 GPa), low density 

or lightweight (density of 1.6 g/cm3), high biodegradability, and an abundance of hydroxyl 

functional groups on their surfaces all contribute to the excellent mechanical, physical, and 

chemical properties of cellulose. Cellulose also has good wettability and high tensile strength 

[561–571]. Thus, cellulose has sophisticated uses in the fields of energy, the environment, and 

health. 

Advanced biomedical uses exist for cellulose-based materials [572–587]. Antibacterial 

agents [588–593], wound dressing [594–600], medication delivery [568,601–604], tissue 

engineering [577,586,605], artificial blood vessels [606,607], and UV radiation protection 

[608,609] were among the applications documented. A variety of materials, including 

hydrogels [610,611], aerogels [612], membranes [613], and three-dimensional (3D) scaffolds 

[614,615], may be made from cellulose. They display many traits that make biomedical 

applications appealing. They provided decent binding qualities [616]. Both organic [617] and 

inorganic-based compounds can be conjugated with them. Numerous functional groups and 

substances can alter the surface chemistry of cellulose [618–621]. Recently, Abdelhamid and 

Mathew summarized the biomedicine applications of cellulose-based materials including drug 

delivery, tissue engineering, wound healing, antifouling, and antimicrobial agents (Figure 

6)[622].  

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


32 
 

 

Figure 6 Cellulose-based materials for biomedicine applications. Figure reprinted from Ref. 

[622], Open Access. 

 

Unlike other natural biopolymers like cationic chitosan, cellulose has no intrinsic biocidal 

action [623]. But it may be made into an antibacterial agent in several ways, such as surface 

modification and conjugation with other antibacterial agents, such as organic and inorganic 

substances [590,624].  

Investigations on the 2,3-dialdehyde nanofibrillated cellulose's (DANFC) antibacterial efficacy 

against methicillin-resistant S. aureus (MRSA) and S. aureus were conducted [625]. The 

aldehyde groups in DACNF are responsible for the pH reduction (5.7–6.2), which has an 

antimicrobial impact [625]. Dialdehyde microcrystalline cellulose (DAMC) has also been 

shown to have antibacterial properties [626]. Cellulose was extracted from ginger residual, 

denoted as GNFs (ginger nanofibers), via acid hydrolysis and high-pressure homogenization 
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[627]. GNFs were tested for antibacterial activity. The MIC values of GNF were 14±2, 13±1, 

18±0, and 31±0 µg/mL for B. cereus, E. coli, S. aureus, and S. Typhimurium, 

respectively  [627].  

A wound that was infected with the bacteria P. aeruginosa was prevented from growing by a 

gel of TOCNF (0.2-0.8 wt.% in water) [628]. Carboxylate CNF can undergo processing in an 

autoclave to change its physical, chemical, and antibacterial properties [629]. High 

antibacterial activity and low toxicity were demonstrated by autoclaved carboxylate CNF 

towards reconstructed human epidermis (RhE) and L929 murine fibroblasts [629]. P. 

aeruginosa and S. aureus were the targets of tests to determine the antibacterial activity of 

carboxylate CNF with various degrees of oxidation. Compared to non-oxygenated CNF 

dispersion, oxygenated CNF dispersion displayed greater antibacterial activity. 

Pure cellulose nanoparticles' antibacterial properties could be explained by several 

mechanisms, including a reduction in bacterial cell mobility encircling and trapping the 

bacteria through the creation of a network, and a lowered pH due to an increase in aldehydes 

groups in CNFs. It is vital to take into account the existence of alien species since they may 

generate antibacterial activity through inflammation, such as lipopolysaccharides or endotoxins 

[630]. The endotoxin level in CNF generated utilizing a modified TEMPO-mediated oxidation 

process using sodium hydroxide as a pre-treatment was 45 endotoxin units (EU) per g of 

cellulose [631].  At low doses, this number might not be harmful. High concentration, however, 

may need it [632]. 

Antibiotic-resistant bacteria may benefit from photo-based light radiation therapies [633–636]. 

They needed the presence of photosensitizer molecules that either generate reactive species 

(i.e., photodynamic treatment) such as reactive oxygen species (ROS), or absorb light radiation 

and convert it to heat energy (photothermal therapy).  Pure cellulose is devoid of the qualities 
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of the photosensitizer. To absorb light, it is often modified with tiny molecules through 

covalent and non-covalent interactions. Most of these photosensitizers are substances that are 

inert against bacteria. However, they work well to inactivate bacteria when employing low-

cost light sources like light-emitting diode (LED) lights [637]. 

The use of CNC [638] and hairy aminated nanocrystalline cellulose (ANCC) for 

photodynamical inactivation (PDI) against bacteria has been described [639]. Reactive oxygen 

species (ROS) can be generated under light via the modification of cellulose with molecules 

such as anthraquinone vat dyes [640], 3,3′,4,4′-benzophenone tetracarboxylic acid [641], 

ketoprofen [642], hypocrellin [643], BODIPY (Dipyrromethene boron difluoride) [633,644], 

chlorin-e6 [645], phthalocyanines [646,647], protoporphyrin-IX [648–650], and porphyrin 

[638,639,651–656]. Through the use of Cu(I)-catalyzed Huisgen-Meldal-Sharpless 1,3-dipolar 

cycloaddition, CNC was chemically changed to form CNC-Por (Figure 4a). The cellulosic and 

porphyrinic molecules' respective azide and alkyne groups engage in a reaction (Figure 4a). 

Under white light exposure (400-700 nm, 60 mW/cm2), the PDI of CNC-Por against 

Mycobacterium smegmatis, S. aureus, and E. coli was studied [544]. More than 99% of bacteria 

were resistant to the substance (99.9999% for S. aureus) [544]. Rose bengal (RB), a naturally 

occurring photosensitizer, was used to modify ANCC through a covalent link (Figure 7) [639]. 

For the pathogens, Listeria monocytogenes and S. Typhimurium, RB-ANCC demonstrated 

PDI over 80% when exposed to natural light. It's interesting to note that ANCC increased the 

free RB's PDI against S. Typhimurium [639]. 
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Figure 7 A) Synthesis of CNC-Porphyrine; B) Chemical modification of ANCC with Rose 

Bengal as photosensitizers. Figure A and B were reprinted with permission Ref. [638], and  

Ref. [639], respectively. Copyright belongs to the American Chemical Society. 

 

For scalable antibacterial treatment utilizing PDI, cationic porphyrin (Por(+)) conjugated 

cellulose was used as paper [81]. Using visible light with a wavelength and power of 400–700 

nm and 65–5 mW/cm2, respectively, Por(+)–the modified cellulosic paper was irradiated for 

30 minutes. Acinetobacter baumannii, P. aeruginosa, Klebsiella pneumoniae, vancomycin-

resistant Enterococcus faecium (VER), S. aureus, and other bacteria and viruses were tested 

A B
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for antibacterial and antiviral efficacies. For every species that was looked at, such as bacteria 

and viruses, the inactivation efficiencies were more than 99.9% [633]. 

One benefit of PDI utilizing cellulose-based materials is a high antibacterial efficacy of up to 

99.999% [633].  The technique can be used to treat germs that are resistant to antibiotics. With 

relative efficiencies of 99.995%, 99.5%, and 99%, photosensitizer-conjugated cellulose fibers 

may be employed to inactivate viruses such as the dengue-1 virus, influenza A, and human 

adenovirus-5 [539]. The creation of materials like paper [633], fibers [652], or textiles [657] 

using cellulose chemistry enables scalable and simple applications for antibacterial treatment. 

With the aid of cutting-edge techniques like photo-strain-triggered click ligation [658], it offers 

instant covalent modification. It may provide photoactive textiles with a new market [659]. 

Cellulose nanocrystals (CNCs) were reported as immune modulators [660].  

The antibacterial activity of cellulose can be improved using inorganic-based antimicrobial 

agents [570,571].  Antibacterial agents made of silver, including silver sulfadiazine (SSD), is 

often utilized. The preparation of BC/SSD involved ultrasonically impregnating SSD into the 

BC membrane [663].  Significant antibacterial activity was demonstrated by the BC/SSD 

membrane against many microorganisms, including P. aeruginosa, E. coli, and S. aureus [663]. 

High biocompatibility was shown by the membrane [663]. The dispersion of GO was enhanced 

by methylcellulose [481]. The cytocompatibility of EA.hy926 human endothelial cells (ECs) 

employing [3-(4,5-dimethylthiazol)-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and 

live/dead tests demonstrated good biocompatibility. Using an induced wound scratch model 

for EA.hy926 ECs, the cell migration under the influence of GO-cellulose was revealed 

(Figure 8). The cell migration was increased by GO-Cellulose. Rats with 8 mm-diameter full-

thickness wounds on their dorsum were used to test the in-vivo wound healing process [481]. 
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Figure 8 Biological acitity of GO/cellulose using A) cell migration, Scale bar = 200 μm, B) 

the skin wound, and C) The percentage of wound closure, Figure reprinted with permission 

from Ref. [481]. Copyright belongs to Elsevier (2021).  

 

To dress wounds, cellulose has various merits. It is inexpensive to do. Using inexpensive 

materials like wood, it may be made into useful structures like membranes [594]. When used 

as a wound dressing, cellulose-based membrane performs better than commercial porous 

regenerating membrane [500]. When compared to Suprathel® (a commercial lactocapromer-

based wound dressing), the epithelialization of a wood-based dressing like NFC demonstrated 

quicker healing [596].  Compared to traditional synthetic fiber dressings, BC dressings are less 

expensive[664]. 

Numerous techniques, including cross-linking with chemicals based on silanes, can be used to 

alter the surface characteristics of cellulose-based wound materials [665]. For femoral artery 
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and liver damage models, the material was examined for wounds. Organosilane's chemical 

alteration created a hydrophobic barrier that prevented blood from penetrating (blood loss was 

less than 50%) and hastened the blood clotting process.  It provided both models with a brief 

period of hemostasis [665].  The cellulose nanoparticles' high surface charges improved protein 

adsorption and may encourage cell adhesion. 

Since the cellulose-based dressing is often transparent, wound therapy may be assessed without 

removing or replacing it [594]. Due to the many hydroxyl groups prevalent in the cellulose 

structure, cellulose-based membranes adhere well to wet wound surfaces with no evidence of 

allergic or inflammatory reactions [594]. Compared to commercially available wound-healing 

dressing, cellulose-based dressing enables quicker self-detachment.  They are effective in 

treating infected wounds [666]. Third-degree burn wound healing can be managed using 

thymol-enriched BC hydrogel [667]. 

Drug delivery has progressed thanks to cellulose-based polymers [604,668–672].  To provide 

multifunctional applications, they can be coupled with nanomaterials like magnetic 

nanoparticles (MNPs) [673]. Drugs can be capsuled in cellulose. Due to the functional groups 

of carboxymethyl cellulose (CMC), a selective release of an anticancer drug like 2,4-

dihydroxy-5-fluorpyrimidin (5-FU) was made possible [674]. Folic acid surface modification 

of cellulose promotes selective cell absorption and binding via a cellular mechanism controlled 

by the folate receptor [675,676]. For the administration of hydrophobic medicines including 

docetaxel, paclitaxel (PTX), and etoposide, cellulose serves as an efficient drug carrier [677]. 

Curcumin (CUR) treatment for prostate cancer cells was made more effective by 

hydroxypropyl methylcellulose [678]. Comparing CUR alone to CUR-conjugated cellulose, 

substantial apoptotic alterations were observed. Comparing cellulose to other carriers including 

-cyclodextrin (CD), poly(lactic-co-glycolic acid) (PLGA), MNPs, and dendrimer, cellulose 
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likewise demonstrated the maximum cellular absorption [678]. For the medication delivery of 

CUR, TOCNF, and MOFs such as zeolitic imidazolate frameworks (ZIF-8) and material 

institute of Lavoisier (MIL-101 (Fe)) were utilized (Figure 9) [679]. The composite of 

TOCNF/ZIF-8 allowed 3D printing to transform the material into a 3D network [679].  MOF 

powder may be printed using cellulose. In-situ synthesis uses it as a template and binder for 

MOFs.  Under physiological pH (5.5), the materials can release the CUR medicine [679]. A 

simple procedure of 3D printing of cellulose/ZIF-8 was also reported using a binder-free 

procedure (Figure 10) [680]. The synthesis procedure is simple and can be commercialized. 

The loading of ZIF-8 can reach 70 wt.%. The printed materials can be used as adsorbent and 

catalyst for water treatment via adsorption and catalytic degradation of organic pollutants. They 

can be also adsorbed heavy transition metals with high adsorption capacities. They were also 

applied as filter for CO2 adsorption [680].   
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Figure 9 In preparation and 3D printing of cellulose-ZIF8. Figure reprinted with permission 

from Ref. [679]. Copyright belongs to John Wiley & Sons (2019). 

 

 

Figure 10 3D printing procedure of CelloZIF-8 using a binder-free procedure. Figure 

reprinted from the Open Access Ref. [680].   

Gene delivery of oligonucleotides like siRNA was also accomplished using cellulose-based 

materials [681,682]. You may think of them as non-viral vectors [589]. To deliver pDNA, 

CNCs were modified with poly(2-dimethylamino)ethyl methacrylate (PDMAEMA) via atom 

transfer radical polymerization (ATRP) (Figure 10). The disulfide (SS) bond is formed during 

the polymerization process to produce CNC-SS-PDs (Figure 10) [590]. (Figure 11) [684]. The 

CNC-SS-PDs demonstrated high transfection effectiveness with minimal cytotoxicity. Non-

viral gene delivery vectors are promised by cellulose-based materials [590,591]. 
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Figure 11 The preparation of CNC-SS-PD and their use for the gene delivery process. Figure 

reprinted with permission from  Ref. [684]. Copyright belongs to ACS (2015). 

 

For medication delivery, cellulose-based materials provide many benefits [687–689][690–

699]. They can be utilized to release medicines that are hydrophobic, ionizable, water-soluble, 

and insoluble [677,700]. They make it possible to give two medications simultaneously [701]. 

Locally tailored medication release with long-lasting qualities was made possible using CNC 

hydrogels [702,703]. Without the use of gelatin, cellulose can be produced as capsules [704]. 

It can be used to give medications orally [705]. It is possible to model cellulose-based 

hydrogels' drug delivery under pH- and temperature-responsive conditions. Cellulose and other 

biopolymers such as alginate can be 3D printed into cartilage structures such as a human ear 

and sheep meniscus (Figure 11)  [706]. They can be also used for bone regeneration [707,708]. 
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Figure 12 3D printing of cellulose/alginate into A) small grids (7.2 × 7.2 mm2), B) after 

squeezing, C) restored after squeezing, D-F) 3D printed human ear in different views. Figure 

reprinted with permission from Ref. [706]. Copyright belongs to ACS (2015). 

 

Cellulose-based advanced several applications such as biomedicine including antifouling 

[570,622,709,710]. They improved bioengineering [711] and water treatment via pollutants 

adsorption [563]. Cellulose/ZIF-8 composite was used for water remediation via adsorption 

and catalytic degradation of organic pollutants such as dyes [569]. Cellulose enabled three-

dimensional printing of porous materials such as leaf-like zeolitic imidazolate frameworks 

(ZIF-L), denoted as CelloZIF-L. Direct ink writing (DIW) or robocasting was used to proceed 

with the materials. The materials with a ZIF content of 84% were achieved. The materials were 

used for the adsorption of carbon dioxide (CO2) and heavy metals offering capacities of 0.64-

1.15 mmol/g (at 1 bar, 0 °C) and 554.8±15 mg/g, respectively. The adsorbent exhibited 

selectivity toward Fe3+, Al3+, Co2+, Cu2+, Na+, and Ca2+ of 86.8%, 6.7%, 2.4%, 0.93%, 0.61%, 

and 0.19%, respectively [712]. Cellulose enabled also the processing of ZIF materials into filter 
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paper [713,714] and foams [715]. Most of these biopolymers are biodegradable [716,717] 

compared to synthetic polymers [718]. They can proceed into the membrane for oil separation 

[716]. 

Chitosan improved gene delivery [683]. It can stabilize magnetic nanoparticles that enabled 

high-cell transfection [269]. Magnetic nanoparticles modified chitosan was used for surfactant 

capture and analysis using SALDI-MS [719]. Chitosan can be modified with thymine to enable 

specific preconcentration of mercury (II) before analysis using SELDI-MS [720]. It can be used 

as a porogen for creating mesopores inside microporous materials [686]. The created 

hierarchical porous materials can be then used for oligonucleotide delivery offering efficient 

gene treatment. Chitosan mitigates the toxicity of CdS QDs offering efficient drug delivery of 

the anticancer drug sesamol [540]. 

Metal-organic frameworks (MOFs) 

Materials that are organic-inorganic crystalline and porous are known as metal-organic 

frameworks (MOFs) [629–664]. They have low density (0.2-1 g/cm3), large specific surface 

areas (> 10,000 m2/g in some cases), and well-defined pore structures with high porosity up to 

50% of the crystal volume [757]. Reticular synthesis can be used to create them, resulting in 

framework structures or organized networks with solid connections connecting organic and 

organic moieties [758]. By constructing secondary building units (SBUs) with appropriate 

organic linkers, the construction networks between the two moieties can adjust the geometry 

of MOFs [759]. MOFs can have their functional groups and porosity altered using techniques 

like post-synthetic modification (PSM) [760]. It is also possible to create multivariate MOFs 

(MTV-MOFs) with various metal nodes or clusters and additional organic functions [761]. 

Strong bonding between the moieties in many MOF materials provides for exceptional 

chemical and thermal stability in the 250 oC to 500 oC temperature range [762]. For applications 
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like the gas adsorption of CO2 from the atmosphere or hot-flue gases, MOFs' excellent chemical 

stability, particularly against water molecules, is often necessary [92]. MOFs were applied for 

several applications, including chemical conversion/fixation of CO2 [671–678], catalysis [771–

773], photovoltaic devices [774], sensors [683], theranostic platform [776], hydrogen 

production [684], dye sensitizing solar cells (DSSCs) [121], water treatment [661,662], 

osmotic power generators [778], and other [686].   

MOFs were reported for treating water. MOFs, a unique class of porous materials, have drawn 

a lot of interest in the past 10 years due to their enormous promise in a wide range of 

applications. High surface area, high porosity, and chemical and thermal stability are typical 

features of MOFs. It has been reported that MOFs have been investigated for the removal of 

heavy metal ions from aqueous solutions. The necessity for a filter or centrifuge to extract 

MOFs following the adsorption process makes large-scale application of MOFs still difficult. 

For its extensive uses, it will be crucial to design and create readily separable MOFs that can 

effectively remove heavy metal ions from aqueous solutions while overcoming the drawbacks 

of current adsorbents. 

MOFs are porous materials that self-assemble and have a variety of topologies, large surface 

areas, and customizable pore structures  [757,780]. A subclass of microporous MOFs known 

as zeolitic imidazolate frameworks-8 (ZIF-8) is made up of 2-methylimidazole (Hmim) as an 

organic linker and zinc metal ions as coordination centers [688,689] . Microporous ZIF-8 has 

attracted a lot of research interest for heavy metal adsorption because of its desirable properties 

such as high surface area, high chemical and thermal stability, adjustable pore structure, and 

ease of synthesis [783–786]. However, the limited applicability of microporous ZIF-8 is due to 

its small pore size (3.4 and 11.4 ) and lack of an acido-basic site [688]. This challenge can be 

solved using hierarchical porous ZIF crystals [694,695]. 
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MOFs advanced several applications including biosensing [696]. Lanthanide MOF was 

reported for the detection of ferric ions and vitamin C [175]. The material was stable and can 

form high dispersion with high fluorescence emission signals. Fe(III) ions can selectively 

quench the fluorescence signal enabling a linear relationship in the concentration range of 

16.6–167 μM with a limit of detection (LOD) of 16.6 μM (S/N ratio of >3) [175]. Explosive 

materials such as nitroaromatic were detected using Zn-MOF [176]. 

A composite of hierarchical porous bimetallic of (Co, Zn)‐ZIF-8, and semiconductor 

photocatalyst TiO2 (Co@ZIF‐8/TiO2) was reported for hydrogen generation via photocatalytic 

water splitting [789]. Co@ZIF‐8/TiO2 showed a photocatalytic hydrogen generation rate 

(HGR) of  13 mmol•h−1•g−1 representing a 151‐fold high catalytic performance of pristine TiO2 

[789]. Co@ZIF‐8 improved also hydrogen generation via the hydrolysis of NaBH4 [790]. 

Carbonized MOF enabled selective dehydrogenation of isopropanol [779].  

We reported several procedures to prepare hierarchical porous zeolitic imidazolate frameworks 

(ZIFs)[322,791]. Template-free and template-based procedures were reported [792]. Dye 

encapsulation and one-pot synthesis of hierarchical porous (microporous–mesoporous) ZIF-8 

were reported for CO2 sorption and adenosine triphosphate biosensing [793]. A cobalt ZIF 

material, ZIF-67, was used for hydrogen generation via the hydrolysis of NaBH4 [726,794]. 

The generated hydrogen can be used for dye degradation [794]. ZIFs-based materials were 

reviewed as efficient adsorbents and catalysts for CO2 removal via adsorption and conversion 

into value-added compounds [703,704]. ZIF-8 and ZIF-67 can be in-situ grown into cellulosic 

filter paper that was used as an efficient catalyst for the reduction of water pollutants such as 

nitrophenols [571]. Our synthesis procedures offered several advantages including the 

formation of a hierarchical porous structure with fast and potential to use for large-scale 

production [739]. 
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ZIFs materials including ZIF-8 are biocompatible materials [730]. Thus, ZIF-8 was widely 

used for biomedical applications [727] including gene delivery [685]. However, our recent 

study showed the transfer of the metal ions into the environment that caused a significant effect 

on the colonization and decomposition of shaded outdoor mice carrions by arthropods [797]. 

A zirconium-based MOF, UiO-66, can enhance bone generation offering induction of bone 

defects in rabbit femoral condyles [798]. UiO-66 catalyzed the hydrogen formation via the 

hydrolysis of NaBH4 [320]. It was also reported as a precursor for the synthesis of ZrOSO4@C 

for hydrogen generation [242] and dimethyl ether formation [170].  

A cerium MOF (Ce-MOF) exhibited Fenton-like properties that enabled catalytic oxidation of 

olefins, alcohol, and dyes degradation [799]. It offered 100% and 53% conversion of cinnamyl 

alcohol and styrene, respectively. It provided high selectivity of 75% and 100% towards styrene 

oxide and benzaldehyde, respectively. It can catalytically degrade organic pollutants such as 

dyes [799]. Ce-MOF was also used probe for fluorescence detection of ferric ions and hydrogen 

peroxide [775]. 

A copper-based MOF (Cu and 1,4-benzene dicarboxylic acid as metal nodes and linker, 

respectively) was in-situ grown into the fiber of cotton textile via a solvothermal procedure 

[800]. CuBDC@Textile was investigated as a solid sensor and adsorbent for volatile organic 

compounds (VOCs). It offered selective detection of pyridine via the colorimetric method. 

Pyridine turned the turquoise color of the prepared materials into deep blue color. It offered a 

pyridine adsorption capacity of  137.9 mg/g [800]. Lanthanide MOFs were also incorporated 

into cotton textiles for the photodegradation of stains for smart textiles [174]. 

Three-dimensional (3D) printing can be used to proceed MOF materials such as leaf-like 

zeolitic imidazolate frameworks (ZIF-L) into 3D objects with custom porosity and dimension 

(Figure 13)[712]. DIW was used to proceed with the materials. The printed materials with a 
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ZIF content of 84% were achieved. The materials can adsorb CO2 and heavy metals. 3D 

CelloZIF-L exhibited adsorption capacities of 0.64-1.15 mmol/g for CO2 gases at 1 bar (0 °C). 

They showed adsorption capacities of 389.8-554.8 mg/g for Cu2+ ions with a selectivity of 

86.8% toward Fe3+ ions [712].  A filter paper containing cellulose and ZIF-8 were reported 

[713,714]. The prepared filter paper, denoted as CelloZIFPaper, was used for heavy metal 

adsorption. The materials offered adsorption capacities of 66.2–354.0 mg/g. CelloZIFPaper 

was also tested as a flexible electrode for toxic heavy metal detection [713,714].  The reader 

can directly go to our recent Review on the topic of cellulose-MOF composite (denoted as 

CelloMOF) and their applications [724]. CelloMOF enabled multifunctional applications being 

efficient adsorbents and catalysts [569]. ZIF-8 was also reported for the recovery of rare-earth 

elements [733]. 

 

Figure 13 Schematic representation for the synthesis of ZIF-L in TEMPO-oxidized cellulose 

nanofibers (TOCNF) and 3D printing into cubes and filaments. Figure reprinted with 

permission from Ref. [712]. 

 

Magnetic nanoparticle-modified MOF materials were reported for heavy metal adsorption and 

removal [723]. Fe3O4@ZIF-8 and Fe3O4@UiO-66–NH2) were investigated for the adsorption 

of Cd2+ and Pb2+ ions. Fe3O4@UiO-66–NH2 and Fe3O4@ZIF-8 offered adsorption capacities 

of 714.3 mg/g, and 370 mg/g for Cd2+, respectively, and 833.3 mg/g, and 666.7 mg/g for Pb2+, 

respectively [723].  
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CuBDC was applied as a catalyst for the reduction of nitrophenol into aminophenol [754]. It 

was also used as a precursor for the synthesis of CuO-embedded C i.e. CuO@C [171,801]. 

CuO@C exhibits a particle size of 36-123 nm [801]. It can be used as an antifungal agent 

against Alternaria alternata, Fusarium oxysporum, Penicillium digitatum, and Rhizopus 

oryzae with inhibition zones of 36, 20.2, 16, and 10.2 mm, respectively [801]. CuO@C was 

also used as a photocatalyst for pharmaceuticals e.g. paracetamol degradation [802]. It offered 

an efficiency of 95% within 60 min [802]. It can also be used for the reduction of 4-nitrophenol 

into 4-aminophenol [753]. In the presence of NaBH4, CuO@C undergoes catalytic degradation 

of organic dyes [735]. 

ZIF-67 was carbonized into Co3O4@N-doped C [803]. The materials after carbonization were 

used as electroactive material for electrode fabrication.  Co3O4@N-doped C electrode offered 

a specific capacitance of 709 F/g at 1 A/g [803]. It can be also used as a co-catalyst to enhance 

the photocatalytic water splitting of semiconductor TiO2 [777]. ZnO@C was prepared via 

carbonization of ZIF-8 [804]. It was used as a supercapacitor [804]. ZIF-8 was used to prepare 

a ZnO@C photocatalyst that can degrade dyes [722,805]. ZnO@C can be also used as an 

efficient catalyst for methanol dehydration forming dimethyl ether that can be used as energy 

fuel [725]. 

Covalent Organic Frameworks (COFs)  

COFs were used as support for the in-situ growth of palladium nanocrystals (Pd NCs@COF) 

[806,807]. Pd NCs@COF was used as the catalyst for carbon-carbon coupling reactions with 

high efficiency and excellent selectivity [806,807]. A composite of COFs material with two-

dimensional nanoparticles e.g., graphene oxide, boron nitride, and graphitic carbon nitride (g-

C3N4) was synthesized via a one-pot procedure [736]. The nanocomposites were used in water 

treatment via organic pollutants adsorption [736]. 
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COFs have an advanced energy sector [808,809]. A triazine COF was synthesized via in-situ 

and ex-situ procedures in the presence of graphene oxide (GO, Figure 14) [810,811]. The 

composite was used to synthesize N-doped carbon (N-doped C)/reduced GO (rGO) after 

carbonization. N-doped C/rGO displayed a specific capacitance of 234 F/g at the current 

density of 0.8 A/g. The electrochemical performance of two symmetric supercapacitor devices 

displayed specific energy and specific power of 14.6 W·h·kg−1 and 400 W·kg−1, respectively 

(Figure 14) [810]. A one-pot synthesis of COFs/graphitic carbon nitride (g-C3N4) 

nanocomposite was also reported in our lab [812,813]. The synthesis procedure involved the 

polycondensation of melamine and benzene-1,3,5-tricarboxyaldehyde in the presence of g-

C3N4. COF/g-C3N4 was used as a precursor for the synthesis of N-doped carbon and N-doped 

carbon/g-C3N4. The prepared materials were used as electrode materials for supercapacitors 

and lithium-ion batteries (LIBs). COF, COF/g-C3N4, N-doped carbon, and N-doped carbon/g-

C3N4 exhibited specific capacitance of 211, 257.5, 450, and 835.2 F/g, respectively. N-doped 

carbon/g-C3N4 was used to assemble asymmetric devices that offered energy density and 

power density of 45.97 Wh·kg–1 and 659.3 W·kg–1, respectively [812,813].  
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Figure 14 A) Synthesis procedure of the materials and B) electrochemical performance of the 

prepared electrode using a) CV curves at 50 mV/s scan rates b) GCD curves, and c) capacitance 

over current density. Figure reprinted with permission from Ref.[810]. 

 

Conclusions 

A summary was reported for materials and their applications in several fields such as 

environmental trends e.g., water remediation, air purification, and gas storage; energy e.g., 

production of hydrogen, dimethyl ether, solar cells, and supercapacitors; and biomedical 

A

B
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sectors e.g., sensing/biosensing, cancer therapy, and drug delivery. We can synthesize materials 

that can be used as efficient adsorbents and catalysts to remove emerging contaminants such 

as metals, dyes, drugs, antibiotics, pesticides, and oils in water via adsorption. The materials 

can be also used as catalysts for pollutants degradation, synthesis of new organic compounds, 

reduction, and oxidation of organic pollutants. They have been applied as filters for air 

purification by adsorption of greenhouse gases such as carbon dioxide (CO2), volatile organic 

compounds (VOCs), and particulate matter (PMs).  They can be used for hydrogen production 

via water splitting, oxidation of alcohol, and hydrolysis of NaBH4. They can be applied for 

biomedical applications such as antibacterial, drug delivery, and biosensing.  

 

References 

[1] Y. Lu, A.A. Aimetti, R. Langer, Z. Gu, Bioresponsive materials, Nat. Rev. Mater. 2 

(2016) 16075. https://doi.org/10.1038/natrevmats.2016.75. 

[2] B.A. Bernevig, C. Felser, H. Beidenkopf, Progress and prospects in magnetic 

topological materials, Nature. 603 (2022) 41–51. https://doi.org/10.1038/s41586-021-

04105-x. 

[3] Y. Kim, X. Zhao, Magnetic Soft Materials and Robots, Chem. Rev. 122 (2022) 5317–

5364. https://doi.org/10.1021/acs.chemrev.1c00481. 

[4] R. Langer, D.A. Tirrell, Designing materials for biology and medicine, Nature. 428 

(2004) 487–492. https://doi.org/10.1038/nature02388. 

[5] Y. Jiang, J. Liu, Definitions of Pseudocapacitive Materials: A Brief Review, ENERGY 

Environ. Mater. 2 (2019) 30–37. https://doi.org/10.1002/eem2.12028. 

[6] R.P. Wool, Self-healing materials: a review, Soft Matter. 4 (2008) 400. 

https://doi.org/10.1039/b711716g. 

[7] P. Fratzl, R. Weinkamer, Nature’s hierarchical materials, Prog. Mater. Sci. 52 (2007) 

1263–1334. https://doi.org/10.1016/j.pmatsci.2007.06.001. 

[8] H.N. Abdelhamid, A review on hydrogen generation from the hydrolysis of sodium 

borohydride, Int. J. Hydrogen Energy. 46 (2021) 726–765. 

https://doi.org/10.1016/j.ijhydene.2020.09.186. 

[9] M. Dragan, Hydrogen Storage in Complex Metal Hydrides NaBH4: Hydrolysis 

Reaction and Experimental Strategies, Catalysts. 12 (2022) 356. 

https://doi.org/10.3390/catal12040356. 

[10] N. Ruslan, M.S. Yahya, M.N.I. Siddique, A.P. Yengantiwar, M. Ismail, M.R. Awal, 

M.Z. Mohd Yusoff, M.F.A. Abdul Halim Yap, N.S. Mustafa, Review on Magnesium 

Hydride and Sodium Borohydride Hydrolysis for Hydrogen Production, Crystals. 12 

(2022) 1376. https://doi.org/10.3390/cryst12101376. 

[11] B.H. Liu, Z.P. Li, A review: Hydrogen generation from borohydride hydrolysis 

reaction, J. Power Sources. 187 (2009) 527–534. 

https://doi.org/10.1016/j.jpowsour.2008.11.032. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


52 
 

[12] H. Jing, P. Zhu, X. Zheng, Z. Zhang, D. Wang, Y. Li, Theory-oriented screening and 

discovery of advanced energy transformation materials in electrocatalysis, Adv. 

Powder Mater. 1 (2022) 100013. https://doi.org/10.1016/j.apmate.2021.10.004. 

[13] H.N. Abdelhamid, H.-F. Wu, A New Binary Matrix for Specific Detection of 

Mercury(II) Using Matrix-Assisted Laser Desorption Ionization Mass Spectrometry, J. 

Am. Soc. Mass Spectrom. 30 (2019) 2617–2622. https://doi.org/10.1007/s13361-019-

02324-1. 

[14] H.N. Abdelhamid, Nanoparticle-based surface assisted laser desorption ionization 

mass spectrometry: a review, Microchim. Acta. 186 (2019) 682. 

https://doi.org/10.1007/s00604-019-3770-5. 

[15] H.N. Abdelhamid, Nanoparticle assisted laser desorption/ionization mass spectrometry 

for small molecule analytes, Microchim. Acta. 185 (2018) 200. 

https://doi.org/10.1007/s00604-018-2687-8. 

[16] H.N. Abdelhamid, Organic matrices, ionic liquids, and organic 

matrices@nanoparticles assisted laser desorption/ionization mass spectrometry, TrAC 

Trends Anal. Chem. 89 (2017) 68–98. https://doi.org/10.1016/j.trac.2017.01.012. 

[17] H.N. Abdelhamid, H.-F. Wu, Soft Ionization of Metallo-Mefenamic Using 

Electrospray Ionization Mass Spectrometry, Mass Spectrom. Lett. 6 (2015) 43–47. 

[18] N. Khan, H.N. Abdelhamid, J.-Y. Yan, F.-T.F.-T. Chung, H.-F.H.-F. Wu, Detection of 

flutamide in pharmaceutical dosage using higher electrospray ionization mass 

spectrometry (ESI-MS) tandem mass coupled with Soxhlet apparatus, Anal. Chem. 

Res. 3 (2015) 89–97. https://doi.org/10.1016/j.ancr.2015.01.001. 

[19] H. Lv, Z. Yang, H. Pan, R. Wu, Electromagnetic absorption materials: Current 

progress and new frontiers, Prog. Mater. Sci. 127 (2022) 100946. 

https://doi.org/10.1016/j.pmatsci.2022.100946. 

[20] H.N. Abdelhamid, Functionalized Materials for Miniaturized Analytical Devices, in: 

Miniaturized Anal. Devices, Wiley, 2022: pp. 181–195. 

https://doi.org/10.1002/9783527827213.ch9. 

[21] S.K. Kailasa, C.M. Hussain, Miniaturized Analytical Devices: Materials and 

Technology, (2021). 

[22] H.N. Abdelhamid, G. Badr, Nanobiotechnology as a platform for the diagnosis of 

COVID-19: a review, Nanotechnol. Environ. Eng. (2021). 

https://doi.org/10.1007/s41204-021-00109-0. 

[23] Acknowledgment of reviewers 2020, Int. J. Hydrogen Energy. 46 (2021) 1–30. 

https://doi.org/10.1016/j.ijhydene.2020.12.072. 

[24] H.-V. Tran, N.M. Ngo, R. Medhi, P. Srinoi, T. Liu, S. Rittikulsittichai, T.R. Lee, 

Multifunctional Iron Oxide Magnetic Nanoparticles for Biomedical Applications: A 

Review, Materials (Basel). 15 (2022) 503. https://doi.org/10.3390/ma15020503. 

[25] M.J. Ansari, M.M. Kadhim, B.A. Hussein, H.A. Lafta, E. Kianfar, Synthesis and 

Stability of Magnetic Nanoparticles, Bionanoscience. 12 (2022) 627–638. 

https://doi.org/10.1007/s12668-022-00947-5. 

[26] A. Dasari, J. Xue, S. Deb, Magnetic Nanoparticles in Bone Tissue Engineering, 

Nanomaterials. 12 (2022) 757. https://doi.org/10.3390/nano12050757. 

[27] T.T. Dongsar, T.S. Dongsar, M.A.S. Abourehab, N. Gupta, P. Kesharwani, Emerging 

application of magnetic nanoparticles for breast cancer therapy, Eur. Polym. J. 187 

(2023) 111898. https://doi.org/10.1016/j.eurpolymj.2023.111898. 

[28] M.A. Franco, P.P. Conti, R.S. Andre, D.S. Correa, A review on chemiresistive ZnO 

gas sensors, Sensors and Actuators Reports. 4 (2022) 100100. 

https://doi.org/10.1016/j.snr.2022.100100. 

[29] P. Dhiman, G. Rana, A. Kumar, G. Sharma, D.-V.N. Vo, M. Naushad, ZnO-based 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


53 
 

heterostructures as photocatalysts for hydrogen generation and depollution: a review, 

Environ. Chem. Lett. 20 (2022) 1047–1081. https://doi.org/10.1007/s10311-021-

01361-1. 

[30] F. Islam, S. Shohag, M.J. Uddin, M.R. Islam, M.H. Nafady, A. Akter, S. Mitra, A. 

Roy, T. Bin Emran, S. Cavalu, Exploring the Journey of Zinc Oxide Nanoparticles 

(ZnO-NPs) toward Biomedical Applications, Materials (Basel). 15 (2022) 2160. 

https://doi.org/10.3390/ma15062160. 

[31] A.V. Avani, E.I. Anila, Recent advances of MoO3 based materials in energy catalysis: 

Applications in hydrogen evolution and oxygen evolution reactions, Int. J. Hydrogen 

Energy. 47 (2022) 20475–20493. https://doi.org/10.1016/j.ijhydene.2022.04.252. 

[32] V. Rani, M. Malhotra, S. Patial, S. Sharma, P. Singh, A.A.P. Khan, S. Thakur, P. 

Raizada, T. Ahamad, A.M. Asiri, Formulation strategies for the photocatalytic H2 

evolution and photodegradation using MoO3-based Z-scheme photocatalysts, Mater. 

Chem. Phys. 299 (2023) 127454. https://doi.org/10.1016/j.matchemphys.2023.127454. 

[33] H.N. Cuong, S. Pansambal, S. Ghotekar, R. Oza, N.T. Thanh Hai, N.M. Viet, V.-H. 

Nguyen, New frontiers in the plant extract mediated biosynthesis of copper oxide 

(CuO) nanoparticles and their potential applications: A review, Environ. Res. 203 

(2022) 111858. https://doi.org/10.1016/j.envres.2021.111858. 

[34] S.R. Mishra, M. Ahmaruzzaman, CuO and CuO-based nanocomposites: Synthesis and 

applications in environment and energy, Sustain. Mater. Technol. 33 (2022) e00463. 

https://doi.org/10.1016/j.susmat.2022.e00463. 

[35] D.P.H. Tran, M.-T. Pham, X.-T. Bui, Y.-F. Wang, S.-J. You, CeO2 as a photocatalytic 

material for CO2 conversion: A review, Sol. Energy. 240 (2022) 443–466. 

https://doi.org/10.1016/j.solener.2022.04.051. 

[36] Y. Ma, Z. Tian, W. Zhai, Y. Qu, Insights on catalytic mechanism of CeO2 as multiple 

nanozymes, Nano Res. 15 (2022) 10328–10342. https://doi.org/10.1007/s12274-022-

4666-y. 

[37] H.N. Abdelhamid, H.-F. Wu, Facile synthesis of nano silver ferrite (AgFeO2) 

modified with chitosan applied for biothiol separation, Mater. Sci. Eng. C. 45 (2014) 

438–445. https://doi.org/10.1016/j.msec.2014.08.071. 

[38] J.M. Xu, J.P. Cheng, The advances of Co3O4 as gas sensing materials: A review, J. 

Alloys Compd. 686 (2016) 753–768. https://doi.org/10.1016/j.jallcom.2016.06.086. 

[39] J. Ma, H. Wei, Y. Liu, X. Ren, Y. Li, F. Wang, X. Han, E. Xu, X. Cao, G. Wang, F. 

Ren, S. Wei, Application of Co3O4-based materials in electrocatalytic hydrogen 

evolution reaction: A review, Int. J. Hydrogen Energy. 45 (2020) 21205–21220. 

https://doi.org/10.1016/j.ijhydene.2020.05.280. 

[40] A. Anele, S. Obare, J. Wei, Recent Trends and Advances of Co3O4 Nanoparticles in 

Environmental Remediation of Bacteria in Wastewater, Nanomaterials. 12 (2022) 

1129. https://doi.org/10.3390/nano12071129. 

[41] C. Lu, L. Liu, Y. Yang, Y. Ma, Q. Luo, M. Zhu, Recent Progress in Co3O4 ‐Based 

Nanomaterials for Supercapacitors, ChemNanoMat. 9 (2023). 

https://doi.org/10.1002/cnma.202200537. 

[42] R.S. Redekar, A.T. Avatare, J.L. Chouhan, K.V. Patil, O.Y. Pawar, S.L. Patil, A.A. 

Bhoite, V.L. Patil, P.S. Patil, N.L. Tarwal, Review on recent advancements in 

chemically synthesized manganese cobalt oxide (MnCo2O4) and its composites for 

energy storage application, Chem. Eng. J. 450 (2022) 137425. 

https://doi.org/10.1016/j.cej.2022.137425. 

[43] C. Zhuang, Y. Chen, The effect of nano-SiO2 on concrete properties: a review, 

Nanotechnol. Rev. 8 (2019) 562–572. https://doi.org/10.1515/ntrev-2019-0050. 

[44] Y. Zheng, J. Zhuo, P. Zhang, A review on durability of nano-SiO2 and basalt fiber 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


54 
 

modified recycled aggregate concrete, Constr. Build. Mater. 304 (2021) 124659. 

https://doi.org/10.1016/j.conbuildmat.2021.124659. 

[45] A. Rosales, K. Esquivel, SiO2@TiO2 Composite Synthesis and Its Hydrophobic 

Applications: A Review, Catalysts. 10 (2020) 171. 

https://doi.org/10.3390/catal10020171. 

[46] J. Schorne-Pinto, L. Cassayre, L. Presmanes, A. Barnabé, Insights on the Stability and 

Cationic Nonstoichiometry of CuFeO 2 Delafossite, Inorg. Chem. 58 (2019) 6431–

6444. https://doi.org/10.1021/acs.inorgchem.9b00651. 

[47] T. Mustapha, N. Misni, N.R. Ithnin, A.M. Daskum, N.Z. Unyah, A Review on Plants 

and Microorganisms Mediated Synthesis of Silver Nanoparticles, Role of Plants 

Metabolites and Applications, Int. J. Environ. Res. Public Health. 19 (2022) 674. 

https://doi.org/10.3390/ijerph19020674. 

[48] M.A. Huq, M. Ashrafudoulla, M.M. Rahman, S.R. Balusamy, S. Akter, Green 

Synthesis and Potential Antibacterial Applications of Bioactive Silver Nanoparticles: 

A Review, Polymers (Basel). 14 (2022) 742. https://doi.org/10.3390/polym14040742. 

[49] R. Rajan, P. Huo, K. Chandran, B. Manickam Dakshinamoorthi, S.-I. Yun, B. Liu, A 

review on the toxicity of silver nanoparticles against different biosystems, 

Chemosphere. 292 (2022) 133397. 

https://doi.org/10.1016/j.chemosphere.2021.133397. 

[50] A. Naganthran, G. Verasoundarapandian, F.E. Khalid, M.J. Masarudin, A. 

Zulkharnain, N.M. Nawawi, M. Karim, C.A. Che Abdullah, S.A. Ahmad, Synthesis, 

Characterization and Biomedical Application of Silver Nanoparticles, Materials 

(Basel). 15 (2022) 427. https://doi.org/10.3390/ma15020427. 

[51] J. Yi, Y. Xianyu, Gold Nanomaterials‐Implemented Wearable Sensors for Healthcare 

Applications, Adv. Funct. Mater. 32 (2022) 2113012. 

https://doi.org/10.1002/adfm.202113012. 

[52] S. Sargazi, U. Laraib, S. Er, A. Rahdar, M. Hassanisaadi, M.N. Zafar, A.M. Díez-

Pascual, M. Bilal, Application of Green Gold Nanoparticles in Cancer Therapy and 

Diagnosis, Nanomaterials. 12 (2022) 1102. https://doi.org/10.3390/nano12071102. 

[53] M.I. Anik, N. Mahmud, A. Al Masud, M. Hasan, Gold nanoparticles (GNPs) in 

biomedical and clinical applications: A review, Nano Sel. 3 (2022) 792–828. 

https://doi.org/10.1002/nano.202100255. 

[54] N. Rabiee, S. Ahmadi, O. Akhavan, R. Luque, Silver and Gold Nanoparticles for 

Antimicrobial Purposes against Multi-Drug Resistance Bacteria, Materials (Basel). 15 

(2022) 1799. https://doi.org/10.3390/ma15051799. 

[55] B. Xu, Y. Zhang, L. Li, Q. Shao, X. Huang, Recent progress in low-dimensional 

palladium-based nanostructures for electrocatalysis and beyond, Coord. Chem. Rev. 

459 (2022) 214388. https://doi.org/10.1016/j.ccr.2021.214388. 

[56] S.M. Jokar, A. Farokhnia, M. Tavakolian, M. Pejman, P. Parvasi, J. Javanmardi, F. 

Zare, M.C. Gonçalves, A. Basile, The recent areas of applicability of palladium based 

membrane technologies for hydrogen production from methane and natural gas: A 

review, Int. J. Hydrogen Energy. 48 (2023) 6451–6476. 

https://doi.org/10.1016/j.ijhydene.2022.05.296. 

[57] S. Iftekhar, G. Heidari, N. Amanat, E.N. Zare, M.B. Asif, M. Hassanpour, V.P. Lehto, 

M. Sillanpaa, Porous materials for the recovery of rare earth elements, platinum group 

metals, and other valuable metals: a review, Environ. Chem. Lett. 20 (2022) 3697–

3746. https://doi.org/10.1007/s10311-022-01486-x. 

[58] A. Razaq, F. Bibi, X. Zheng, R. Papadakis, S.H.M. Jafri, H. Li, Review on Graphene-, 

Graphene Oxide-, Reduced Graphene Oxide-Based Flexible Composites: From 

Fabrication to Applications, Materials (Basel). 15 (2022) 1012. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


55 
 

https://doi.org/10.3390/ma15031012. 

[59] X. Chen, K. Fan, Y. Liu, Y. Li, X. Liu, W. Feng, X. Wang, Recent Advances in 

Fluorinated Graphene from Synthesis to Applications: Critical Review on Functional 

Chemistry and Structure Engineering, Adv. Mater. 34 (2022) 2101665. 

https://doi.org/10.1002/adma.202101665. 

[60] G. Ramalingam, N. Perumal, A.K. Priya, S. Rajendran, A review of graphene-based 

semiconductors for photocatalytic degradation of pollutants in wastewater, 

Chemosphere. 300 (2022) 134391. 

https://doi.org/10.1016/j.chemosphere.2022.134391. 

[61] S. Guo, S. Garaj, A. Bianco, C. Ménard-Moyon, Controlling covalent chemistry on 

graphene oxide, Nat. Rev. Phys. 4 (2022) 247–262. https://doi.org/10.1038/s42254-

022-00422-w. 

[62] Kiranakumar. H. V, Thejas R, Naveen C S, M.I. Khan, Prasanna G D, S. Reddy, M. 

Oreijah, K. Guedri, O.T. Bafakeeh, M. Jameel, A review on electrical and gas-sensing 

properties of reduced graphene oxide-metal oxide nanocomposites, Biomass Convers. 

Biorefinery. (2022). https://doi.org/10.1007/s13399-022-03258-7. 

[63] A. Zhou, J. Bai, W. Hong, H. Bai, Electrochemically reduced graphene oxide: 

Preparation, composites, and applications, Carbon N. Y. 191 (2022) 301–332. 

https://doi.org/10.1016/j.carbon.2022.01.056. 

[64] A. Gutiérrez-Cruz, A.R. Ruiz-Hernández, J.F. Vega-Clemente, D.G. Luna-Gazcón, J. 

Campos-Delgado, A review of top-down and bottom-up synthesis methods for the 

production of graphene, graphene oxide and reduced graphene oxide, J. Mater. Sci. 57 

(2022) 14543–14578. https://doi.org/10.1007/s10853-022-07514-z. 

[65] B. Wang, S. Lu, The light of carbon dots: From mechanism to applications, Matter. 5 

(2022) 110–149. https://doi.org/10.1016/j.matt.2021.10.016. 

[66] L. Ðorđević, F. Arcudi, M. Cacioppo, M. Prato, A multifunctional chemical toolbox to 

engineer carbon dots for biomedical and energy applications, Nat. Nanotechnol. 17 

(2022) 112–130. https://doi.org/10.1038/s41565-021-01051-7. 

[67] B. Wang, H. Cai, G.I.N. Waterhouse, X. Qu, B. Yang, S. Lu, Carbon Dots in 

Bioimaging, Biosensing and Therapeutics: A Comprehensive Review, Small Sci. 2 

(2022) 2200012. https://doi.org/10.1002/smsc.202200012. 

[68] S. (Gabriel) Kou, L. Peters, M. Mucalo, Chitosan: A review of molecular structure, 

bioactivities and interactions with the human body and micro-organisms, Carbohydr. 

Polym. 282 (2022) 119132. https://doi.org/10.1016/j.carbpol.2022.119132. 

[69] H. Hamedi, S. Moradi, S.M. Hudson, A.E. Tonelli, M.W. King, Chitosan based 

bioadhesives for biomedical applications: A review, Carbohydr. Polym. 282 (2022) 

119100. https://doi.org/10.1016/j.carbpol.2022.119100. 

[70] Y. Chen, Y. Liu, Q. Dong, C. Xu, S. Deng, Y. Kang, M. Fan, L. Li, Application of 

functionalized chitosan in food: A review, Int. J. Biol. Macromol. 235 (2023) 123716. 

https://doi.org/10.1016/j.ijbiomac.2023.123716. 

[71] S. Tanpichai, A. Boonmahitthisud, N. Soykeabkaew, L. Ongthip, Review of the recent 

developments in all-cellulose nanocomposites: Properties and applications, Carbohydr. 

Polym. 286 (2022) 119192. https://doi.org/10.1016/j.carbpol.2022.119192. 

[72] V. Vatanpour, M.E. Pasaoglu, H. Barzegar, O.O. Teber, R. Kaya, M. Bastug, A. 

Khataee, I. Koyuncu, Cellulose acetate in fabrication of polymeric membranes: A 

review, Chemosphere. 295 (2022) 133914. 

https://doi.org/10.1016/j.chemosphere.2022.133914. 

[73] M. Jakob, A.R. Mahendran, W. Gindl-Altmutter, P. Bliem, J. Konnerth, U. Müller, S. 

Veigel, The strength and stiffness of oriented wood and cellulose-fibre materials: A 

review, Prog. Mater. Sci. 125 (2022) 100916. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


56 
 

https://doi.org/10.1016/j.pmatsci.2021.100916. 

[74] M.B. Noremylia, M.Z. Hassan, Z. Ismail, Recent advancement in isolation, processing, 

characterization and applications of emerging nanocellulose: A review, Int. J. Biol. 

Macromol. 206 (2022) 954–976. https://doi.org/10.1016/j.ijbiomac.2022.03.064. 

[75] A.S. Norfarhana, R.A. Ilyas, N. Ngadi, A review of nanocellulose adsorptive 

membrane as multifunctional wastewater treatment, Carbohydr. Polym. 291 (2022) 

119563. https://doi.org/10.1016/j.carbpol.2022.119563. 

[76] R. Das, T. Lindström, P.R. Sharma, K. Chi, B.S. Hsiao, Nanocellulose for Sustainable 

Water Purification, Chem. Rev. 122 (2022) 8936–9031. 

https://doi.org/10.1021/acs.chemrev.1c00683. 

[77] H.N. Abdelhamid, Alginate in Gene and Vaccine Delivery, in: Alginate Biomater., 

Springer Nature Singapore, Singapore, 2023: pp. 361–388. 

https://doi.org/10.1007/978-981-19-6937-9_14. 

[78] S. Patial, V. Soni, A. Kumar, P. Raizada, T. Ahamad, X.M. Pham, Q. Van Le, V.-H. 

Nguyen, S. Thakur, P. Singh, Rational design, structure properties, and synthesis 

strategies of dual-pore covalent organic frameworks (COFs) for potent applications: A 

review, Environ. Res. 218 (2023) 114982. 

https://doi.org/10.1016/j.envres.2022.114982. 

[79] S. Wang, Z. Chen, Y. Cai, X.-L. Wu, S. Wang, Z. Tang, B. Hu, Z. Li, X. Wang, 

Application of COFs in capture/conversion of CO2 and elimination of 

organic/inorganic pollutants, Environ. Funct. Mater. (2023). 

https://doi.org/10.1016/j.efmat.2023.03.001. 

[80] C. Guo, F. Duan, S. Zhang, L. He, M. Wang, J. Chen, J. Zhang, Q. Jia, Z. Zhang, M. 

Du, Heterostructured hybrids of metal–organic frameworks (MOFs) and covalent–

organic frameworks (COFs), J. Mater. Chem. A. 10 (2022) 475–507. 

https://doi.org/10.1039/D1TA06006F. 

[81] M. Ma, X. Lu, Y. Guo, L. Wang, X. Liang, Combination of metal-organic frameworks 

(MOFs) and covalent organic frameworks (COFs): Recent advances in synthesis and 

analytical applications of MOF/COF composites, TrAC Trends Anal. Chem. 157 

(2022) 116741. https://doi.org/10.1016/j.trac.2022.116741. 

[82] N. Contreras-Pereda, S. Pané, J. Puigmartí-Luis, D. Ruiz-Molina, Conductive 

properties of triphenylene MOFs and COFs, Coord. Chem. Rev. 460 (2022) 214459. 

https://doi.org/10.1016/j.ccr.2022.214459. 

[83] S. He, B. Zhu, S. Li, Y. Zhang, X. Jiang, C. Hon Lau, L. Shao, Recent progress in 

PIM-1 based membranes for sustainable CO2 separations: Polymer structure 

manipulation and mixed matrix membrane design, Sep. Purif. Technol. 284 (2022) 

120277. https://doi.org/10.1016/j.seppur.2021.120277. 

[84] M.L. Jue, R.P. Lively, PIM hybrids and derivatives: how to make a good thing better, 

Curr. Opin. Chem. Eng. 35 (2022) 100750. 

https://doi.org/10.1016/j.coche.2021.100750. 

[85] B. Satilmis, Electrospinning Polymers of Intrinsic Microporosity (PIMs) ultrafine 

fibers; preparations, applications and future perspectives, Curr. Opin. Chem. Eng. 36 

(2022) 100793. https://doi.org/10.1016/j.coche.2022.100793. 

[86] H.N. Abdelhamid, Ionic liquids for nanomaterials recycling, in: Nanomater. Recycl., 

Elsevier, 2022: pp. 269–287. https://doi.org/10.1016/B978-0-323-90982-2.00024-X. 

[87] H.N. Abdelhamid, Ionic Liquid-Assisted Laser Desorption/Ionization–Mass 

Spectrometry: Matrices, Microextraction, and Separation, Methods Protoc. 1 (2018) 

23. https://doi.org/10.3390/mps1020023. 

[88] H.N. Abdelhamid, Ionic liquids for mass spectrometry: matrices, separation and 

microextraction, TrAC Trends Anal. Chem. 77 (2015) 122–138. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


57 
 

https://doi.org/10.1016/j.trac.2015.12.007. 

[89] H.N. Abdelhamid, Physicochemical Properties of Proteomic Ionic Liquids Matrices for 

MALDI-MS, J. Data Mining Genomics Proteomics. 07 (2016) 2153–0602.1000. 

https://doi.org/10.4172/2153-0602.1000189. 

[90] H.N. Abdelhamid, M.S. Khan, H.-F.F. Wu, Design, characterization and applications 

of new ionic liquid matrices for multifunctional analysis of biomolecules: a novel 

strategy for pathogenic bacteria biosensing., Anal. Chim. Acta. 823 (2014) 51–60. 

https://doi.org/10.1016/j.aca.2014.03.026. 

[91] H.N. Abdelhamid, H.-F. Wu, Ionic Liquid Matrices for Mass Spectrometry: Design, 

Synthesis, and Applications, in: Ref. Modul. Chem. Mol. Sci. Chem. Eng., 2014. 

https://doi.org/10.1016/B978-0-12-409547-2.11016-9. 

[92] H.N. Abdelhamid, J. Gopal, H.-F.F. Wu, Synthesis and application of ionic liquid 

matrices (ILMs) for effective pathogenic bacteria analysis in matrix assisted laser 

desorption/ionization (MALDI-MS), Anal. Chim. Acta. 767 (2013) 104–11. 

https://doi.org/10.1016/j.aca.2012.12.054. 

[93] H.N. Abdelhamid, H.-F. Wu, Monitoring metallofulfenamic–bovine serum albumin 

interactions: a novel method for metallodrug analysis, RSC Adv. 4 (2014) 53768–

53776. https://doi.org/10.1039/C4RA07638A. 

[94] K. Wang, Y. Li, L.-H. Xie, X. Li, J.-R. Li, Construction and application of base-stable 

MOFs: a critical review, Chem. Soc. Rev. 51 (2022) 6417–6441. 

https://doi.org/10.1039/D1CS00891A. 

[95] I.E. Khalil, J. Fonseca, M.R. Reithofer, T. Eder, J.M. Chin, Tackling orientation of 

metal-organic frameworks (MOFs): The quest to enhance MOF performance, Coord. 

Chem. Rev. 481 (2023) 215043. https://doi.org/10.1016/j.ccr.2023.215043. 

[96] T. Zhao, H. Wu, X. Wen, J. Zhang, H. Tang, Y. Deng, S. Liao, X. Tian, Recent 

advances in MOFs/MOF derived nanomaterials toward high-efficiency aqueous zinc 

ion batteries, Coord. Chem. Rev. 468 (2022) 214642. 

https://doi.org/10.1016/j.ccr.2022.214642. 

[97] Y. Du, X. Jia, L. Zhong, Y. Jiao, Z. Zhang, Z. Wang, Y. Feng, M. Bilal, J. Cui, S. Jia, 

Metal-organic frameworks with different dimensionalities: An ideal host platform for 

enzyme@MOF composites, Coord. Chem. Rev. 454 (2022) 214327. 

https://doi.org/10.1016/j.ccr.2021.214327. 

[98] R.S. Kshetrimayum, A brief intro to metamaterials, IEEE Potentials. 23 (2005) 44–46. 

https://doi.org/10.1109/MP.2005.1368916. 

[99] A.-G. Niculescu, C. Chircov, A.M. Grumezescu, Magnetite nanoparticles: Synthesis 

methods – A comparative review, Methods. 199 (2022) 16–27. 

https://doi.org/10.1016/j.ymeth.2021.04.018. 

[100] S.S. Chan, S.S. Low, K.W. Chew, T.C. Ling, J. Rinklebe, J.C. Juan, E.P. Ng, P.L. 

Show, Prospects and environmental sustainability of phyconanotechnology: A review 

on algae-mediated metal nanoparticles synthesis and mechanism, Environ. Res. 212 

(2022) 113140. https://doi.org/10.1016/j.envres.2022.113140. 

[101] L. Xu, Y.-Y. Wang, J. Huang, C.-Y. Chen, Z.-X. Wang, H. Xie, Silver nanoparticles: 

Synthesis, medical applications and biosafety, Theranostics. 10 (2020) 8996–9031. 

https://doi.org/10.7150/thno.45413. 

[102] O. Pryshchepa, P. Pomastowski, B. Buszewski, Silver nanoparticles: Synthesis, 

investigation techniques, and properties, Adv. Colloid Interface Sci. 284 (2020) 

102246. https://doi.org/10.1016/j.cis.2020.102246. 

[103] G. Schlemmer, L. Balcaen, J.L. Todolí, M.W. Hinds, Elemental Analysis: An 

Introduction to Modern Spectrometric Techniques, 1st ed., De Gruyter, 2019. 

https://www.amazon.com/Elemental-Analysis-Introduction-Spectrometric-Techniques-

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


58 
 

ebook/dp/B07W77SX33 (accessed June 10, 2023). 

[104] Wo.J. Kirsten, Organic Elemental Analysis, Elsevier, 1983. 

https://doi.org/10.1016/B978-0-12-410280-4.X5001-3. 

[105] S. Alseekh, A. Aharoni, Y. Brotman, K. Contrepois, J. D’Auria, J. Ewald, J. C. Ewald, 

P.D. Fraser, P. Giavalisco, R.D. Hall, M. Heinemann, H. Link, J. Luo, S. Neumann, J. 

Nielsen, L. Perez de Souza, K. Saito, U. Sauer, F.C. Schroeder, S. Schuster, G. 

Siuzdak, A. Skirycz, L.W. Sumner, M.P. Snyder, H. Tang, T. Tohge, Y. Wang, W. 

Wen, S. Wu, G. Xu, N. Zamboni, A.R. Fernie, Mass spectrometry-based 

metabolomics: a guide for annotation, quantification and best reporting practices, Nat. 

Methods. 18 (2021) 747–756. https://doi.org/10.1038/s41592-021-01197-1. 

[106] W. Timp, G. Timp, Beyond mass spectrometry, the next step in proteomics, Sci. Adv. 

6 (2020). https://doi.org/10.1126/sciadv.aax8978. 

[107] S. Suttapitugsakul, F. Sun, R. Wu, Recent Advances in Glycoproteomic Analysis by 

Mass Spectrometry, Anal. Chem. 92 (2020) 267–291. 

https://doi.org/10.1021/acs.analchem.9b04651. 

[108] S.A. Iakab, P. Rafols, M. García‐Altares, O. Yanes, X. Correig, Silicon‐Based Laser 

Desorption Ionization Mass Spectrometry for the Analysis of Biomolecules: A 

Progress Report, Adv. Funct. Mater. 29 (2019) 1903609. 

https://doi.org/10.1002/adfm.201903609. 

[109] S.R. Khan, B. Sharma, P.A. Chawla, R. Bhatia, Inductively Coupled Plasma Optical 

Emission Spectrometry (ICP-OES): a Powerful Analytical Technique for Elemental 

Analysis, Food Anal. Methods. 15 (2022) 666–688. https://doi.org/10.1007/s12161-

021-02148-4. 

[110] J. Proch, P. Niedzielski, Recent applications of continuous flow chemical vapor and 

hydride generation (CVG, HG) coupled to plasma–based optical emission 

spectrometry (ICP OES, MIP OES), Talanta. 243 (2022) 123372. 

https://doi.org/10.1016/j.talanta.2022.123372. 

[111] A.F. LAGALANTE, Atomic Emission Spectroscopy: A Tutorial Review *, Appl. 

Spectrosc. Rev. 34 (2004) 191–207. https://doi.org/10.1081/ASR-100100845. 

[112] M.P. Seah, The quantitative analysis of surfaces by XPS: A review, Surf. Interface 

Anal. 2 (1980) 222–239. https://doi.org/10.1002/sia.740020607. 

[113] D.N.G. Krishna, J. Philip, Review on surface-characterization applications of X-ray 

photoelectron spectroscopy (XPS): Recent developments and challenges, Appl. Surf. 

Sci. Adv. 12 (2022) 100332. https://doi.org/10.1016/j.apsadv.2022.100332. 

[114] R. López-Núñez, Portable X-ray Fluorescence Analysis of Organic Amendments: A 

Review, Appl. Sci. 12 (2022) 6944. https://doi.org/10.3390/app12146944. 

[115] C.B. Felix, W.-H. Chen, A.T. Ubando, Y.-K. Park, K.-Y.A. Lin, A. Pugazhendhi, T.-

B. Nguyen, C.-D. Dong, A comprehensive review of thermogravimetric analysis in 

lignocellulosic and algal biomass gasification, Chem. Eng. J. 445 (2022) 136730. 

https://doi.org/10.1016/j.cej.2022.136730. 

[116] N. Fajrina, M. Tahir, A critical review in strategies to improve photocatalytic water 

splitting towards hydrogen production, Int. J. Hydrogen Energy. 44 (2019) 540–577. 

https://doi.org/10.1016/j.ijhydene.2018.10.200. 

[117] C. Acar, I. Dincer, G.F. Naterer, Review of photocatalytic water-splitting methods for 

sustainable hydrogen production, Int. J. Energy Res. 40 (2016) 1449–1473. 

https://doi.org/10.1002/er.3549. 

[118] Z. Shen, Y. Hu, B. Li, Y. Zou, S. Li, G. Wilma Busser, X. Wang, G. Zhao, M. Muhler, 

State-of-the-art progress in the selective photo-oxidation of alcohols, J. Energy Chem. 

62 (2021) 338–350. https://doi.org/10.1016/j.jechem.2021.03.033. 

[119] L. Chen, J. Tang, L.-N. Song, P. Chen, J. He, C.-T. Au, S.-F. Yin, Heterogeneous 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


59 
 

photocatalysis for selective oxidation of alcohols and hydrocarbons, Appl. Catal. B 

Environ. 242 (2019) 379–388. https://doi.org/10.1016/j.apcatb.2018.10.025. 

[120] H.N. Abdelhamid, Three-dimensional (3D) Printed Supercapacitor, in: Handb. Energy 

Mater., Springer Nature Singapore, Singapore, 2023: pp. 1–21. 

https://doi.org/10.1007/978-981-16-4480-1_77-1. 

[121] H.N. Abdelhamid, A.M. El-Zohry, J. Cong, T. Thersleff, M. Karlsson, L. Kloo, X. 

Zou, Towards implementing hierarchical porous zeolitic imidazolate frameworks in 

dye-sensitized solar cells, R. Soc. Open Sci. 6 (2019) 190723. 

https://doi.org/10.1098/rsos.190723. 

[122] J.B. DeCoste, G.W. Peterson, Metal–Organic Frameworks for Air Purification of 

Toxic Chemicals, Chem. Rev. 114 (2014) 5695–5727. 

https://doi.org/10.1021/cr4006473. 

[123] S. Almaie, V. Vatanpour, M.H. Rasoulifard, I. Koyuncu, Volatile organic compounds 

(VOCs) removal by photocatalysts: A review, Chemosphere. 306 (2022) 135655. 

https://doi.org/10.1016/j.chemosphere.2022.135655. 

[124] X. Tang, R. Tang, S. Xiong, J. Zheng, L. Li, Z. Zhou, D. Gong, Y. Deng, L. Su, C. 

Liao, Application of natural minerals in photocatalytic degradation of organic 

pollutants: A review, Sci. Total Environ. 812 (2022) 152434. 

https://doi.org/10.1016/j.scitotenv.2021.152434. 

[125] N. Abdollahi, G. Moussavi, S. Giannakis, A review of heavy metals’ removal from 

aqueous matrices by Metal-Organic Frameworks (MOFs): State-of-the art and recent 

advances, J. Environ. Chem. Eng. 10 (2022) 107394. 

https://doi.org/10.1016/j.jece.2022.107394. 

[126] A. Taghvaie Nakhjiri, H. Sanaeepur, A. Ebadi Amooghin, M.M.A. Shirazi, Recovery 

of precious metals from industrial wastewater towards resource recovery and 

environmental sustainability: A critical review, Desalination. 527 (2022) 115510. 

https://doi.org/10.1016/j.desal.2021.115510. 

[127] R. Keservani, A. Sharma, H. Abdelhamid, Nanoparticulate Drug Delivery Systems, 

CRC Press, 2019. https://doi.org/10.1201/9781420008449-6. 

[128] H.N. Abdelhamid, H.-F. Wu, Nanoparticles Advanced Drug Delivery for Cancer Cells, 

in: R.K. Keservani, A.K. Sharma (Eds.), Nanoparticulate Drug Deliv. Syst., 2019: pp. 

121–144. 

[129] M. Dowaidar, H.N. Abdelhamid, Ü. Langel, Improvement of Transfection with 

PepFects Using Organic and Inorganic Materials, in: 2022: pp. 555–567. 

https://doi.org/10.1007/978-1-0716-1752-6_35. 

[130] H.N. Abdelhamid, M. Dowaidar, M. Hällbrink, Ü. Langel, Cell Penetrating Peptides-

Hierarchical Porous Zeolitic Imidazolate Frameworks Nanoparticles: An Efficient 

Gene Delivery Platform, SSRN Electron. J. (2019). 

https://doi.org/10.2139/ssrn.3435895. 

[131] H.N. Abdelhamid, Nanocytotoxicity using matrix-assisted laser desorption ionization 

mass spectrometry, Future Microbiol. 15 (2020) 385–387. https://doi.org/10.2217/fmb-

2019-0260. 

[132] Nanotoxicity, Elsevier, 2020. https://doi.org/10.1016/C2018-0-05517-6. 

[133] H.N. Abdelhamid, Metals Linked to Alzheimer’s Disease, in: Front. Clin. Drug Res. - 

Alzheimer Disord., BENTHAM SCIENCE PUBLISHERS, 2020: pp. 213–235. 

https://doi.org/10.2174/9789811410949120010009. 

[134] H.N. Abdelhamid, S. Kumaran, H.-F. Wu, One-pot synthesis of CuFeO2 nanoparticles 

capped with glycerol and proteomic analysis of their nanocytotoxicity against fungi, 

RSC Adv. 6 (2016) 97629–97635. https://doi.org/10.1039/C6RA13396G. 

[135] P.H. Kierstead, H. Okochi, V.J. Venditto, T.C. Chuong, S. Kivimae, J.M.J. Fréchet, 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


60 
 

F.C. Szoka, The effect of polymer backbone chemistry on the induction of the 

accelerated blood clearance in polymer modified liposomes, J. Control. Release. 213 

(2015) 1–9. https://doi.org/10.1016/j.jconrel.2015.06.023. 

[136] H.N. Abdelhamid, Nanoparticles as Pharmaceutical Agents, MJ Anes. 1 (2016) 003–

003. 

[137] H.N. Abdelhamid, General methods for detection and evaluation of nanotoxicity, 

Nanotoxicity. (2020) 195–214. https://doi.org/10.1016/B978-0-12-819943-5.00009-9. 

[138] H.N. Abdelhamid, Nanoparticles Assisted Laser Desorption/Ionization Mass 

Spectrometry, in: Handb. Smart Mater. Anal. Chem., John Wiley & Sons, Ltd, 

Chichester, UK, 2019: pp. 729–755. https://doi.org/10.1002/9781119422587.ch23. 

[139] S. Kumaran, H.N. Abdelhamid, H.-F. Wu, Quantification analysis of protein and 

mycelium contents upon inhibition of melanin for: Aspergillus Niger: A study of 

matrix assisted laser desorption/ionization mass spectrometry (MALDI-MS), RSC 

Adv. 7 (2017) 30289–30294. https://doi.org/10.1039/c7ra03741d. 

[140] H.N. Abdelhamid, H.-F. Wu, Proteomics analysis of the mode of antibacterial action 

of nanoparticles and their interactions with proteins, TrAC Trends Anal. Chem. 65 

(2015) 30–46. https://doi.org/10.1016/j.trac.2014.09.010. 

[141] M. Zayene, F.K. Algethami, H. Nasser Abdelhamid, M.R. Elamin, B.Y. Abdulkhair, 

Y.O. Al-Ghamdi, H. Ben Jannet, New synthetic quinaldine conjugates: Assessment of 

their anti-cholinesterase, anti-tyrosinase and cytotoxic activities, and molecular 

docking analysis, Arab. J. Chem. 15 (2022) 104177. 

https://doi.org/10.1016/j.arabjc.2022.104177. 

[142] F.K. Algethami, I. Saidi, H.N. Abdelhamid, M.R. Elamin, B.Y. Abdulkhair, A. 

Chrouda, H. Ben Jannet, Trifluoromethylated Flavonoid-Based Isoxazoles as 

Antidiabetic and Anti-Obesity Agents: Synthesis, In Vitro α-Amylase Inhibitory 

Activity, Molecular Docking and Structure–Activity Relationship Analysis, Molecules. 

26 (2021) 5214. https://doi.org/10.3390/molecules26175214. 

[143] H. Nasser Abdelhamid, H.F. Wu, Furoic and mefenamic acids as new matrices for 

matrix assisted laser desorption/ionization-(MALDI)-mass spectrometry, Talanta. 115 

(2013) 442–450. https://doi.org/10.1016/j.talanta.2013.05.050. 

[144] H. N. Abdelhamid, Applications of Nanomaterials and Organic Semiconductors for 

Bacteria &Biomolecules analysis/ biosensing using Laser Analytical Spectroscopy, 

National Sun-Yat Sen University, 2013. https://doi.org/etd-0608113-135030. 

[145] Z. Ma, F. Zaera, Heterogeneous Catalysis by Metals, in: Encycl. Inorg. Chem., John 

Wiley & Sons, Ltd, Chichester, UK, 2006. https://doi.org/10.1002/0470862106.ia084. 

[146] B. Wang, Z. Song, L. Sun, A review: Comparison of multi-air-pollutant removal by 

advanced oxidation processes – Industrial implementation for catalytic oxidation 

processes, Chem. Eng. J. 409 (2021) 128136. 

https://doi.org/10.1016/j.cej.2020.128136. 

[147] X. Yue, N.L. Ma, C. Sonne, R. Guan, S.S. Lam, Q. Van Le, X. Chen, Y. Yang, H. Gu, 

J. Rinklebe, W. Peng, Mitigation of indoor air pollution: A review of recent advances 

in adsorption materials and catalytic oxidation, J. Hazard. Mater. 405 (2021) 124138. 

https://doi.org/10.1016/j.jhazmat.2020.124138. 

[148] C. He, J. Cheng, X. Zhang, M. Douthwaite, S. Pattisson, Z. Hao, Recent Advances in 

the Catalytic Oxidation of Volatile Organic Compounds: A Review Based on Pollutant 

Sorts and Sources, Chem. Rev. 119 (2019) 4471–4568. 

https://doi.org/10.1021/acs.chemrev.8b00408. 

[149] M.S. Kamal, S.A. Razzak, M.M. Hossain, Catalytic oxidation of volatile organic 

compounds (VOCs) – A review, Atmos. Environ. 140 (2016) 117–134. 

https://doi.org/10.1016/j.atmosenv.2016.05.031. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


61 
 

[150] H. Huang, Y. Xu, Q. Feng, D.Y.C. Leung, Low temperature catalytic oxidation of 

volatile organic compounds: a review, Catal. Sci. Technol. 5 (2015) 2649–2669. 

https://doi.org/10.1039/C4CY01733A. 

[151] Y. Guo, M. Wen, G. Li, T. An, Recent advances in VOC elimination by catalytic 

oxidation technology onto various nanoparticles catalysts: a critical review, Appl. 

Catal. B Environ. 281 (2021) 119447. https://doi.org/10.1016/j.apcatb.2020.119447. 

[152] Y. Ren, Y. Ma, G. Min, W. Zhang, L. Lv, W. Zhang, A mini review of multifunctional 

ultrafiltration membranes for wastewater decontamination: Additional functions of 

adsorption and catalytic oxidation, Sci. Total Environ. 762 (2021) 143083. 

https://doi.org/10.1016/j.scitotenv.2020.143083. 

[153] Y. Fu, Z. Yin, L. Qin, D. Huang, H. Yi, X. Liu, S. Liu, M. Zhang, B. Li, L. Li, W. 

Wang, X. Zhou, Y. Li, G. Zeng, C. Lai, Recent progress of noble metals with tailored 

features in catalytic oxidation for organic pollutants degradation, J. Hazard. Mater. 422 

(2022) 126950. https://doi.org/10.1016/j.jhazmat.2021.126950. 

[154] N. Wang, T. Zheng, G. Zhang, P. Wang, A review on Fenton-like processes for 

organic wastewater treatment, J. Environ. Chem. Eng. 4 (2016) 762–787. 

https://doi.org/10.1016/j.jece.2015.12.016. 

[155] J.H.. Kluytmans, A.. Markusse, B.F.. Kuster, G.. Marin, J.. Schouten, Engineering 

aspects of the aqueous noble metal catalysed alcohol oxidation, Catal. Today. 57 

(2000) 143–155. https://doi.org/10.1016/S0920-5861(99)00316-8. 

[156] M. Pagliaro, S. Campestrini, R. Ciriminna, Ru-based oxidation catalysis, Chem. Soc. 

Rev. 34 (2005) 837. https://doi.org/10.1039/b507094p. 

[157] C. Parmeggiani, F. Cardona, Transition metal based catalysts in the aerobic oxidation 

of alcohols, Green Chem. 14 (2012) 547. https://doi.org/10.1039/c2gc16344f. 

[158] J.M. Kolle, M. Fayaz, A. Sayari, Understanding the Effect of Water on CO2 

Adsorption, Chem. Rev. 121 (2021) 7280–7345. 

https://doi.org/10.1021/acs.chemrev.0c00762. 

[159] C. Dhoke, A. Zaabout, S. Cloete, S. Amini, Review on Reactor Configurations for 

Adsorption-Based CO2 Capture, Ind. Eng. Chem. Res. 60 (2021) 3779–3798. 

https://doi.org/10.1021/acs.iecr.0c04547. 

[160] M. Takht Ravanchi, S. Sahebdelfar, Catalytic conversions of CO2 to help mitigate 

climate change: Recent process developments, Process Saf. Environ. Prot. 145 (2021) 

172–194. https://doi.org/10.1016/j.psep.2020.08.003. 

[161] L. Keshavarz, M.R. Ghaani, J.M.D. MacElroy, N.J. English, A comprehensive review 

on the application of aerogels in CO2-adsorption: Materials and characterisation, 

Chem. Eng. J. 412 (2021) 128604. https://doi.org/10.1016/j.cej.2021.128604. 

[162] J.Y. Lai, L.H. Ngu, S.S. Hashim, A review of CO2 adsorbents performance for 

different carbon capture technology processes conditions, Greenh. Gases Sci. Technol. 

11 (2021) 1076–1117. https://doi.org/10.1002/ghg.2112. 

[163] A. Sattari, A. Ramazani, H. Aghahosseini, M.K. Aroua, The application of polymer 

containing materials in CO2 capturing via absorption and adsorption methods, J. CO2 

Util. 48 (2021) 101526. https://doi.org/10.1016/j.jcou.2021.101526. 

[164] M. Sai Bhargava Reddy, D. Ponnamma, K.K. Sadasivuni, B. Kumar, A.M. Abdullah, 

Carbon dioxide adsorption based on porous materials, RSC Adv. 11 (2021) 12658–

12681. https://doi.org/10.1039/D0RA10902A. 

[165] X. Wang, T. He, J. Hu, M. Liu, The progress of nanomaterials for carbon dioxide 

capture via the adsorption process, Environ. Sci. Nano. 8 (2021) 890–912. 

https://doi.org/10.1039/D0EN01140A. 

[166] A. Sharma, J. Jindal, A. Mittal, K. Kumari, S. Maken, N. Kumar, Carbon materials as 

CO2 adsorbents: a review, Environ. Chem. Lett. 19 (2021) 875–910. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


62 
 

https://doi.org/10.1007/s10311-020-01153-z. 

[167] Z. Sun, J. Dong, C. Chen, S. Zhang, Y. Zhu, Photocatalytic and electrocatalytic <scp> 

CO2 conversion: from fundamental principles to design of catalysts, J. Chem. Technol. 

Biotechnol. 96 (2021) 1161–1175. https://doi.org/10.1002/jctb.6653. 

[168] S. Saeidi, S. Najari, V. Hessel, K. Wilson, F.J. Keil, P. Concepción, S.L. Suib, A.E. 

Rodrigues, Recent advances in CO2 hydrogenation to value-added products — Current 

challenges and future directions, Prog. Energy Combust. Sci. 85 (2021) 100905. 

https://doi.org/10.1016/j.pecs.2021.100905. 

[169] M. Pera-Titus, Porous Inorganic Membranes for CO 2 Capture: Present and Prospects, 

Chem. Rev. 114 (2014) 1413–1492. https://doi.org/10.1021/cr400237k. 

[170] M.N. Goda, H.N. Abdelhamid, A.E.-A.A. Said, Zirconium Oxide Sulfate-Carbon 

(ZrOSO4@C) Derived from Carbonized UiO-66 for Selective Production of Dimethyl 

Ether, ACS Appl. Mater. Interfaces. 12 (2020) 646–653. 

https://doi.org/10.1021/acsami.9b17520. 

[171] A.A. Kassem, H.N. Abdelhamid, D.M. Fouad, S.A. Ibrahim, Metal-organic 

frameworks (MOFs) and MOFs-derived CuO@C for hydrogen generation from 

sodium borohydride, Int. J. Hydrogen Energy. 44 (2019) 31230–31238. 

https://doi.org/10.1016/j.ijhydene.2019.10.047. 

[172] H.N. Abdelhamid, Surfactant assisted synthesis of hierarchical porous metal-organic 

frameworks nanosheets, Nanotechnology. 30 (2019) 435601. 

https://doi.org/10.1088/1361-6528/ab30f6. 

[173] H.N. Abdelhamid, M. Wilk-Kozubek, A.M. El-Zohry, A. Bermejo Gómez, A. 

Valiente, B. Martín-Matute, A.-V.A.-V. Mudring, X. Zou, Luminescence properties of 

a family of lanthanide metal-organic frameworks, Microporous Mesoporous Mater. 

279 (2019) 400–406. https://doi.org/10.1016/j.micromeso.2019.01.024. 

[174] H.E. Emam, H.N. Abdelhamid, R.M. Abdelhameed, Self-cleaned photoluminescent 

viscose fabric incorporated lanthanide-organic framework (Ln-MOF), Dye. Pigment. 

159 (2018) 491–498. https://doi.org/10.1016/j.dyepig.2018.07.026. 

[175] H.N. Abdelhamid, A. Bermejo-Gómez, B. Martín-Matute, X. Zou, A water-stable 

lanthanide metal-organic framework for fluorimetric detection of ferric ions and 

tryptophan, Microchim. Acta. 184 (2017) 3363–3371. https://doi.org/10.1007/s00604-

017-2306-0. 

[176] Y. Yang, K. Shen, J. Lin, Y. Zhou, Q. Liu, C. Hang, H.N. Abdelhamid, Z. Zhang, H. 

Chen, A Zn-MOF constructed from electron-rich π-conjugated ligands with an 

interpenetrated graphene-like net as an efficient nitroaromatic sensor, RSC Adv. 6 

(2016) 45475–45481. https://doi.org/10.1039/C6RA00524A. 

[177] A. Phan, C.J. Doonan, F.J. Uribe-Romo, C.B. Knobler, M. O’Keeffe, O.M. Yaghi, 

Synthesis, Structure, and Carbon Dioxide Capture Properties of Zeolitic Imidazolate 

Frameworks, Acc. Chem. Res. 43 (2010) 58–67. https://doi.org/10.1021/ar900116g. 

[178] C.A. Trickett, A. Helal, B.A. Al-Maythalony, Z.H. Yamani, K.E. Cordova, O.M. 

Yaghi, The chemistry of metal–organic frameworks for CO2 capture, regeneration and 

conversion, Nat. Rev. Mater. 2 (2017) 17045. 

https://doi.org/10.1038/natrevmats.2017.45. 

[179] H.N. Abdelhamid, X. Zou, Template-free and room temperature synthesis of 

hierarchical porous zeolitic imidazolate framework nanoparticles and their dye and CO 

2 sorption, Green Chem. 20 (2018) 1074–1084. https://doi.org/10.1039/C7GC03805D. 

[180] S. Qiu, M. Xue, G. Zhu, Metal–organic framework membranes: from synthesis to 

separation application, Chem. Soc. Rev. 43 (2014) 6116–6140. 

https://doi.org/10.1039/C4CS00159A. 

[181] K. Sumida, D.L. Rogow, J.A. Mason, T.M. McDonald, E.D. Bloch, Z.R. Herm, T.-H. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


63 
 

Bae, J.R. Long, Carbon Dioxide Capture in Metal–Organic Frameworks, Chem. Rev. 

112 (2012) 724–781. https://doi.org/10.1021/cr2003272. 

[182] P. Nugent, Y. Belmabkhout, S.D. Burd, A.J. Cairns, R. Luebke, K. Forrest, T. Pham, 

S.Q. Ma, B. Space, L. Wojtas, M. Eddaoudi, M.J. Zaworotko, Porous materials with 

optimal adsorption thermodynamics and kinetics for CO2 separation, Nature. 495 

(2013) 80–84. https://doi.org/10.1038/nature11893. 

[183] J. Liu, P.K. Thallapally, B.P. McGrail, D.R. Brown, J. Liu, Progress in adsorption-

based CO 2 capture by metal–organic frameworks, Chem. Soc. Rev. 41 (2012) 2308–

2322. https://doi.org/10.1039/C1CS15221A. 

[184] Q. Yao, A. Bermejo Gómez, J. Su, V. Pascanu, Y. Yun, H. Zheng, H. Chen, L. Liu, 

H.N. Abdelhamid, B. Martín-Matute, X. Zou, Series of Highly Stable Isoreticular 

Lanthanide Metal–Organic Frameworks with Expanding Pore Size and Tunable 

Luminescent Properties, Chem. Mater. 27 (2015) 5332–5339. 

https://doi.org/10.1021/acs.chemmater.5b01711. 

[185] H. He, J.A. Perman, G. Zhu, S. Ma, Metal-Organic Frameworks for CO2 Chemical 

Transformations, Small. 12 (2016) 6309–6324. 

https://doi.org/10.1002/smll.201602711. 

[186] J. Yu, L.-H. Xie, J.-R. Li, Y. Ma, J.M. Seminario, P.B. Balbuena, CO2 Capture and 

Separations Using MOFs: Computational and Experimental Studies, Chem. Rev. 117 

(2017) 9674–9754. https://doi.org/10.1021/acs.chemrev.6b00626. 

[187] H. Bux, F. Liang, Y. Li, J. Cravillon, M. Wiebcke, J. Caro, Zeolitic imidazolate 

framework membrane with molecular sieving properties by microwave-assisted 

solvothermal synthesis., J. Am. Chem. Soc. 131 (2009) 16000–1. 

https://doi.org/10.1021/ja907359t. 

[188] M.C. McCarthy, V. Varela-Guerrero, G. V. Barnett, H.-K. Jeong, Synthesis of Zeolitic 

Imidazolate Framework Films and Membranes with Controlled Microstructures, 

Langmuir. 26 (2010) 14636–14641. https://doi.org/10.1021/la102409e. 

[189] N.T.T. Nguyen, H. Furukawa, F. Gándara, H.T. Nguyen, K.E. Cordova, O.M. Yaghi, 

Selective capture of carbon dioxide under humid conditions by hydrophobic chabazite-

type zeolitic imidazolate frameworks, Angew. Chemie - Int. Ed. 53 (2014) 10645–

10648. https://doi.org/10.1002/anie.201403980. 

[190] J. Conti, P. Holtberg, J. Diefenderfer, A. LaRose, J.T. Turnure, L. Westfall, 

International Energy Outlook 2016 With Projections to 2040, 2016. 

https://doi.org/10.2172/1296780. 

[191] L. Zou, Y. Sun, S. Che, X. Yang, X. Wang, M. Bosch, Q. Wang, H. Li, M. Smith, S. 

Yuan, Z. Perry, H.-C. Zhou, Porous Organic Polymers for Post-Combustion Carbon 

Capture, Adv. Mater. 29 (2017) 1700229. https://doi.org/10.1002/adma.201700229. 

[192] M. Ding, R.W. Flaig, H.-L. Jiang, O.M. Yaghi, Carbon capture and conversion using 

metal–organic frameworks and MOF-based materials, Chem. Soc. Rev. 48 (2019) 

2783–2828. https://doi.org/10.1039/C8CS00829A. 

[193] H.N. Abdelhamid, H.-F. Wu, Reduced graphene oxide conjugate thymine as a new 

probe for ultrasensitive and selective fluorometric determination of mercury(II) ions, 

Microchim. Acta. 182 (2015) 1609–1617. https://doi.org/10.1007/s00604-015-1461-4. 

[194] C.I. Ezugwu, J.M. Sonawane, R. Rosal, Redox-active metal-organic frameworks for 

the removal of contaminants of emerging concern, Sep. Purif. Technol. 284 (2022) 

120246. https://doi.org/10.1016/j.seppur.2021.120246. 

[195] X. Wang, X. Zhang, Y. Zhang, Y. Wang, S.-P. Sun, W.D. Wu, Z. Wu, Nanostructured 

semiconductor supported iron catalysts for heterogeneous photo-Fenton oxidation: a 

review, J. Mater. Chem. A. 8 (2020) 15513–15546. 

https://doi.org/10.1039/D0TA04541A. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


64 
 

[196] Q. Yao, A.B. Gómez, J. Su, V. Pascanu, Y. Yun, H. Zheng, H. Chen, L. Liu, H.N. 

Abdelhamid, B. Martín-Matute, X. Zou, Series of Highly Stable Isoreticular 

Lanthanide Metal–Organic Frameworks with Expanding Pore Size and Tunable 

Luminescent Properties, Chem. Mater. 27 (2015) 5332–5339. 

https://doi.org/10.1021/ACS.CHEMMATER.5B01711. 

[197] M. Alemrajabi, Å.C. Rasmuson, K. Korkmaz, K. Forsberg, Recovery of rare earth 

elements from nitrophosphoric acid solutions, Hydrometallurgy. 169 (2017) 253–262. 

https://doi.org/10.1016/j.hydromet.2017.01.008. 

[198] X. Huang, J. Dong, L. Wang, Z. Feng, Q. Xue, X. Meng, Selective recovery of rare 

earth elements from ion-adsorption rare earth element ores by stepwise extraction with 

HEH(EHP) and HDEHP, Green Chem. 19 (2017) 1345–1352. 

https://doi.org/10.1039/C6GC03388A. 

[199] K. Wang, H. Adidharma, M. Radosz, P. Wan, X. Xu, C.K. Russell, H. Tian, M. Fan, J. 

Yu, Recovery of rare earth elements with ionic liquids, Green Chem. 19 (2017) 4469–

4493. https://doi.org/10.1039/C7GC02141K. 

[200] J. Roosen, K. Binnemans, Adsorption and chromatographic separation of rare earths 

with EDTA- and DTPA-functionalized chitosan biopolymers, J. Mater. Chem. A. 2 

(2014) 1530–1540. https://doi.org/10.1039/C3TA14622G. 

[201] R.M. Ashour, H.N. Abdelhamid, A.F. Abdel-Magied, A.A. Abdel-khalek, M. Ali, A. 

Uheida, M. Muhammed, X. Zou, J. Dutta, Rare Earth Ions Adsorption onto Graphene 

Oxide Nanosheets, Solvent Extr. Ion Exch. 35 (2017) 91–103. 

https://doi.org/10.1080/07366299.2017.1287509. 

[202] W. Zhu, R. Zhang, F. Qu, A.M. Asiri, X. Sun, Design and Application of Foams for 

Electrocatalysis, ChemCatChem. 9 (2017) 1721–1743. 

https://doi.org/10.1002/cctc.201601607. 

[203] L. Xie, F. Qu, Z. Liu, X. Ren, S. Hao, R. Ge, G. Du, A.M. Asiri, X. Sun, L. Chen, In 

situ formation of a 3D core/shell structured Ni 3 N@Ni–Bi nanosheet array: an 

efficient non-noble-metal bifunctional electrocatalyst toward full water splitting under 

near-neutral conditions, J. Mater. Chem. A. 5 (2017) 7806–7810. 

https://doi.org/10.1039/C7TA02333B. 

[204] W. Lu, T. Liu, L. Xie, C. Tang, D. Liu, S. Hao, F. Qu, G. Du, Y. Ma, A.M. Asiri, X. 

Sun, In Situ Derived Co B Nanoarray: A High-Efficiency and Durable 3D 

Bifunctional Electrocatalyst for Overall Alkaline Water Splitting, Small. 13 (2017) 

1700805. https://doi.org/10.1002/smll.201700805. 

[205] X. Li, R. Zhang, Y. Luo, Q. Liu, S. Lu, G. Chen, S. Gao, S. Chen, X. Sun, A cobalt–

phosphorus nanoparticle decorated N-doped carbon nanosheet array for efficient and 

durable hydrogen evolution at alkaline pH, Sustain. Energy Fuels. 4 (2020) 3884–

3887. https://doi.org/10.1039/D0SE00240B. 

[206] D. Wu, Y. Wei, X. Ren, X. Ji, Y. Liu, X. Guo, Z. Liu, A.M. Asiri, Q. Wei, X. Sun, 

Co(OH) 2 Nanoparticle-Encapsulating Conductive Nanowires Array: Room-

Temperature Electrochemical Preparation for High-Performance Water Oxidation 

Electrocatalysis, Adv. Mater. 30 (2018) 1705366. 

https://doi.org/10.1002/adma.201705366. 

[207] T. Wang, X. Zhang, X. Zhu, Q. Liu, S. Lu, A.M. Asiri, Y. Luo, X. Sun, Hierarchical 

CuO@ZnCo LDH heterostructured nanowire arrays toward enhanced water oxidation 

electrocatalysis, Nanoscale. 12 (2020) 5359–5362. 

https://doi.org/10.1039/D0NR00752H. 

[208] F. Dawood, M. Anda, G.M. Shafiullah, Hydrogen production for energy: An overview, 

Int. J. Hydrogen Energy. 45 (2020) 3847–3869. 

https://doi.org/10.1016/j.ijhydene.2019.12.059. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


65 
 

[209] M.N. Iqbal, A.F. Abdel-Magied, H.N. Abdelhamid, P. Olsén, A. Shatskiy, X. Zou, B. 

Åkermark, M.D. Kärkäs, E. V. Johnston, Mesoporous Ruthenium Oxide: A 

Heterogeneous Catalyst for Water Oxidation, ACS Sustain. Chem. Eng. 5 (2017) 

9651–9656. https://doi.org/10.1021/acssuschemeng.7b02845. 

[210] E. Fakiolu, A review of hydrogen storage systems based on boron and its compounds, 

Int. J. Hydrogen Energy. 29 (2004) 1371–1376. 

https://doi.org/10.1016/j.ijhydene.2003.12.010. 

[211] T. da Silva Veras, T.S. Mozer, D. da Costa Rubim Messeder dos Santos, A. da Silva 

César, Hydrogen: Trends, production and characterization of the main process 

worldwide, Int. J. Hydrogen Energy. 42 (2017) 2018–2033. 

https://doi.org/10.1016/j.ijhydene.2016.08.219. 

[212] T. Sinigaglia, F. Lewiski, M.E. Santos Martins, J.C. Mairesse Siluk, Production, 

storage, fuel stations of hydrogen and its utilization in automotive applications-a 

review, Int. J. Hydrogen Energy. 42 (2017) 24597–24611. 

https://doi.org/10.1016/j.ijhydene.2017.08.063. 

[213] H.T. Hwang, A. Varma, Hydrogen storage for fuel cell vehicles, Curr. Opin. Chem. 

Eng. 5 (2014) 42–48. https://doi.org/10.1016/j.coche.2014.04.004. 

[214] S.Z. Baykara, Hydrogen: A brief overview on its sources, production and 

environmental impact, Int. J. Hydrogen Energy. 43 (2018) 10605–10614. 

https://doi.org/10.1016/j.ijhydene.2018.02.022. 

[215] M.A. Salam, K. Ahmed, N. Akter, T. Hossain, B. Abdullah, A review of hydrogen 

production via biomass gasification and its prospect in Bangladesh, Int. J. Hydrogen 

Energy. 43 (2018) 14944–14973. https://doi.org/10.1016/j.ijhydene.2018.06.043. 

[216] U. Sikander, S. Sufian, M.A. Salam, A review of hydrotalcite based catalysts for 

hydrogen production systems, Int. J. Hydrogen Energy. 42 (2017) 19851–19868. 

https://doi.org/10.1016/j.ijhydene.2017.06.089. 

[217] K. Bolatkhan, B.D. Kossalbayev, B.K. Zayadan, T. Tomo, T.N. Veziroglu, S.I. 

Allakhverdiev, Hydrogen production from phototrophic microorganisms: Reality and 

perspectives, Int. J. Hydrogen Energy. 44 (2019) 5799–5811. 

https://doi.org/10.1016/j.ijhydene.2019.01.092. 

[218] M. Anwar, S. Lou, L. Chen, H. Li, Z. Hu, Recent advancement and strategy on bio-

hydrogen production from photosynthetic microalgae, Bioresour. Technol. 292 (2019) 

121972. https://doi.org/10.1016/j.biortech.2019.121972. 

[219] J. Jiménez-Llanos, M. Ramírez-Carmona, L. Rendón-Castrillón, C. Ocampo-López, 

Sustainable biohydrogen production by Chlorella sp. microalgae: A review, Int. J. 

Hydrogen Energy. 45 (2020) 8310–8328. 

https://doi.org/10.1016/j.ijhydene.2020.01.059. 

[220] M.S. Nasir, G. Yang, I. Ayub, S. Wang, L. Wang, X. Wang, W. Yan, S. Peng, S. 

Ramakarishna, Recent development in graphitic carbon nitride based photocatalysis 

for hydrogen generation, Appl. Catal. B Environ. 257 (2019) 117855. 

https://doi.org/10.1016/j.apcatb.2019.117855. 

[221] M. Aslam, R. Ahmad, M. Yasin, A.L. Khan, M.K. Shahid, S. Hossain, Z. Khan, F. 

Jamil, S. Rafiq, M.R. Bilad, J. Kim, G. Kumar, Anaerobic membrane bioreactors for 

biohydrogen production: Recent developments, challenges and perspectives, 

Bioresour. Technol. 269 (2018) 452–464. 

https://doi.org/10.1016/j.biortech.2018.08.050. 

[222] J.O. Bockris, A.J. Appleby, The hydrogen economy - an ultimate economy, Environ. 

This Mon. 1 (1972) 29–35. 

https://inis.iaea.org/search/search.aspx?orig_q=RN:3032306 (accessed April 5, 2020). 

[223] https://www.wikiwand.com/en/Hydrogen vehicle, (n.d.). 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


66 
 

https://www.wikiwand.com/en/Hydrogen vehicle. 

[224] P. Brack, S.E. Dann, K.G.U. Wijayantha, Heterogeneous and homogenous catalysts 

for hydrogen generation by hydrolysis of aqueous sodium borohydride (NaBH 4 ) 

solutions, Energy Sci. Eng. 3 (2015) 174–188. https://doi.org/10.1002/ese3.67. 

[225] J. Zhang, R. Cui, X. Li, X. Liu, W. Huang, A nanohybrid consisting of NiPS 3 

nanoparticles coupled with defective graphene as a pH-universal electrocatalyst for 

efficient hydrogen evolution, J. Mater. Chem. A. 5 (2017) 23536–23542. 

https://doi.org/10.1039/C7TA07672J. 

[226] Y. Cui, C. Zhou, X. Li, Y. Gao, J. Zhang, High performance electrocatalysis for 

hydrogen evolution reaction using nickel-doped CoS2 nanostructures: experimental 

and DFT insights, Electrochim. Acta. 228 (2017) 428–435. 

https://doi.org/10.1016/j.electacta.2017.01.103. 

[227] Y. Cui, R. Zhang, J. Zhang, Z. Wang, H. Xue, W. Mao, W. Huang, Highly active and 

stable electrocatalytic hydrogen evolution catalyzed by nickel, iron doped cobalt 

disulfide@reduced graphene oxide nanohybrid electrocatalysts, Mater. Today Energy. 

7 (2018) 44–50. https://doi.org/10.1016/j.mtener.2017.11.006. 

[228] M.M. Najafpour, S. Mehrabani, R. Bagheri, Z. Song, J.-R. Shen, S.I. Allakhverdiev, 

An aluminum/cobalt/iron/nickel alloy as a precatalyst for water oxidation, Int. J. 

Hydrogen Energy. 43 (2018) 2083–2090. 

https://doi.org/10.1016/j.ijhydene.2017.12.025. 

[229] G. Azadi, R. Bagheri, R. Bikas, Y. Mousazade, J. Cui, Z. Song, V. Kinzhybalo, J.-R. 

Shen, S.I. Allakhverdiev, M.M. Najafpour, A transparent electrode with water-

oxidizing activity, Int. J. Hydrogen Energy. 43 (2018) 22896–22904. 

https://doi.org/10.1016/j.ijhydene.2018.10.146. 

[230] J. Zhang, F. Feng, Y. Pu, X. Li, C.H. Lau, W. Huang, Tailoring the Porosity in Iron 

Phosphosulfide Nanosheets to Improve the Performance of Photocatalytic Hydrogen 

Evolution, ChemSusChem. (2019) cssc.201900789. 

https://doi.org/10.1002/cssc.201900789. 

[231] N. Patel, A. Miotello, Progress in Co–B related catalyst for hydrogen production by 

hydrolysis of boron-hydrides: A review and the perspectives to substitute noble metals, 

Int. J. Hydrogen Energy. 40 (2015) 1429–1464. 

https://doi.org/10.1016/j.ijhydene.2014.11.052. 

[232] B. Chen, S. Chen, H.A. Bandal, R. Appiah-Ntiamoah, A.R. Jadhav, H. Kim, Cobalt 

nanoparticles supported on magnetic core-shell structured carbon as a highly efficient 

catalyst for hydrogen generation from NaBH 4 hydrolysis, Int. J. Hydrogen Energy. 43 

(2018) 9296–9306. https://doi.org/10.1016/j.ijhydene.2018.03.193. 

[233] L. Shi, W. Xie, Z. Jian, X. Liao, Y. Wang, Graphene modified Co–B catalysts for 

rapid hydrogen production from NaBH4 hydrolysis, Int. J. Hydrogen Energy. 44 

(2019) 17954–17962. https://doi.org/10.1016/j.ijhydene.2019.05.104. 

[234] N. Patel, B. Patton, C. Zanchetta, R. Fernandes, G. Guella, A. Kale, A. Miotello, Pd-C 

powder and thin film catalysts for hydrogen production by hydrolysis of sodium 

borohydride, Int. J. Hydrogen Energy. 33 (2008) 287–292. 

https://doi.org/10.1016/j.ijhydene.2007.07.018. 

[235] C. Luo, F. Fu, X. Yang, J. Wei, C. Wang, J. Zhu, D. Huang, D. Astruc, P. Zhao, 

Highly Efficient and Selective Co@ZIF‐8 Nanocatalyst for Hydrogen Release from 

Sodium Borohydride Hydrolysis, ChemCatChem. 11 (2019) 1643–1649. 

https://doi.org/10.1002/cctc.201900051. 

[236] Q. Li, W. Yang, F. Li, A. Cui, J. Hong, Preparation of CoB/ZIF-8 supported catalyst 

by single step reduction and its activity in hydrogen production, Int. J. Hydrogen 

Energy. 43 (2018) 271–282. https://doi.org/10.1016/j.ijhydene.2017.11.105. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


67 
 

[237] D.D. Tuan, K.-Y.A. Lin, Ruthenium supported on ZIF-67 as an enhanced catalyst for 

hydrogen generation from hydrolysis of sodium borohydride, Chem. Eng. J. 351 

(2018) 48–55. https://doi.org/10.1016/j.cej.2018.06.082. 

[238] Y. Yang, C. Zhou, W. Wang, W. Xiong, G. Zeng, D. Huang, C. Zhang, B. Song, W. 

Xue, X. Li, Z. Wang, D. He, H. Luo, Z. Ouyang, Recent advances in application of 

transition metal phosphides for photocatalytic hydrogen production, Chem. Eng. J. 405 

(2021) 126547. https://doi.org/https://doi.org/10.1016/j.cej.2020.126547. 

[239] Y.-P. Zhu, J. Yin, E. Abou-Hamad, X. Liu, W. Chen, T. Yao, O.F. Mohammed, H.N. 

Alshareef, Highly Stable Phosphonate-Based MOFs with Engineered Bandgaps for 

Efficient Photocatalytic Hydrogen Production, Adv. Mater. 32 (2020) 1906368. 

https://doi.org/https://doi.org/10.1002/adma.201906368. 

[240] H.N. Abdelhamid, Zeolitic imidazolate frameworks (ZIF-8, ZIF-67, and ZIF-L) for 

hydrogen production, Appl. Organomet. Chem. 35 (2021) e6319. 

https://doi.org/https://doi.org/10.1002/aoc.6319. 

[241] A.H. Mahmoud, H.M. El-Bery, M.M. Ali, E.S. Aldaby, A.M.M. Mawad, A.A. Shoreit, 

Latex-bearing plant (Calotropis procera) as a biorefinery for bioethanol production, 

Biomass Convers. Biorefinery. (2021). https://doi.org/10.1007/s13399-021-01479-w. 

[242] H.N. Abdelhamid, Solid Acid Zirconium Oxo Sulfate/Carbon-Derived UiO-66 for 

Hydrogen Production, Energy & Fuels. 35 (2021) 10322–10326. 

https://doi.org/10.1021/acs.energyfuels.1c00516. 

[243] Y. Jiang, M. Li, Y. Mi, L. Guo, W. Fang, X. Zeng, T. Zhou, Y. Liu, The influence of 

piezoelectric effect on the heterogeneous photocatalytic hydrogen production of 

strontium titanate nanoparticles, Nano Energy. 85 (2021) 105949. 

https://doi.org/10.1016/j.nanoen.2021.105949. 

[244] J. Kosco, M. Bidwell, H. Cha, T. Martin, C.T. Howells, M. Sachs, D.H. Anjum, S.G. 

Lopez, L. Zou, A. Wadsworth, Enhanced photocatalytic hydrogen evolution from 

organic semiconductor heterojunction nanoparticles, Nat. Mater. 19 (2020) 559–565. 

[245] C. Chen, Y. Xiong, X. Zhong, P.C. Lan, Z. Wei, H. Pan, P. Su, Y. Song, Y. Chen, A. 

Nafady, Sirajuddin, S. Ma, Enhancing Photocatalytic Hydrogen Production via the 

Construction of Robust Multivariate Ti‐MOF/COF Composites, Angew. Chemie. 134 

(2022). https://doi.org/10.1002/ange.202114071. 

[246] Y. Lei, Y. Zhang, Z. Li, S. Xu, J. Huang, K. Hoong Ng, Y. Lai, Molybdenum sulfide 

cocatalyst activation upon photodeposition of cobalt for improved photocatalytic 

hydrogen production activity of ZnCdS, Chem. Eng. J. 425 (2021) 131478. 

https://doi.org/10.1016/j.cej.2021.131478. 

[247] Z.-R. Tan, Y.-Q. Xing, J.-Z. Cheng, G. Zhang, Z.-Q. Shen, Y.-J. Zhang, G. Liao, L. 

Chen, S.-Y. Liu, EDOT-based conjugated polymers accessed via C–H direct arylation 

for efficient photocatalytic hydrogen production, Chem. Sci. 13 (2022) 1725–1733. 

https://doi.org/10.1039/D1SC05784G. 

[248] G. Huang, W. Ye, C. Lv, D.S. Butenko, C. Yang, G. Zhang, P. Lu, Y. Xu, S. Zhang, 

H. Wang, Y. Zhu, D. Yang, Hierarchical red phosphorus incorporated TiO2 hollow 

sphere heterojunctions toward superior photocatalytic hydrogen production, J. Mater. 

Sci. Technol. 108 (2022) 18–25. https://doi.org/10.1016/j.jmst.2021.09.026. 

[249] N. Ramesh Reddy, U. Bhargav, M. Mamatha Kumari, K.K. Cheralathan, M. Sakar, 

Review on the interface engineering in the carbonaceous titania for the improved 

photocatalytic hydrogen production, Int. J. Hydrogen Energy. 45 (2020) 7584–7615. 

https://doi.org/https://doi.org/10.1016/j.ijhydene.2019.09.041. 

[250] M. Ismael, A review and recent advances in solar-to-hydrogen energy conversion 

based on photocatalytic water splitting over doped-TiO2 nanoparticles, Sol. Energy. 

211 (2020) 522–546. https://doi.org/https://doi.org/10.1016/j.solener.2020.09.073. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


68 
 

[251] P. Zhou, H. Chen, Y. Chao, Q. Zhang, W. Zhang, F. Lv, L. Gu, Q. Zhao, N. Wang, J. 

Wang, S. Guo, Single-atom Pt-I3 sites on all-inorganic Cs2SnI6 perovskite for 

efficient photocatalytic hydrogen production, Nat. Commun. 12 (2021) 4412. 

https://doi.org/10.1038/s41467-021-24702-8. 

[252] S. Guo, X. Li, J. Li, B. Wei, Boosting photocatalytic hydrogen production from water 

by photothermally induced biphase systems, Nat. Commun. 12 (2021) 1343. 

https://doi.org/10.1038/s41467-021-21526-4. 

[253] N.R.A. Mohd Shah, R. Mohamad Yunus, N.N. Rosman, W.Y. Wong, K. Arifin, L. 

Jeffery Minggu, Current progress on 3D graphene-based photocatalysts: From 

synthesis to photocatalytic hydrogen production, Int. J. Hydrogen Energy. 46 (2021) 

9324–9340. https://doi.org/10.1016/j.ijhydene.2020.12.089. 

[254] Y. Liu, Z. Sun, Y.H. Hu, Bimetallic cocatalysts for photocatalytic hydrogen production 

from water, Chem. Eng. J. 409 (2021) 128250. 

https://doi.org/10.1016/j.cej.2020.128250. 

[255] R. Sharma, M. Almáši, S.P. Nehra, V.S. Rao, P. Panchal, D.R. Paul, I.P. Jain, A. 

Sharma, Photocatalytic hydrogen production using graphitic carbon nitride (GCN): A 

precise review, Renew. Sustain. Energy Rev. 168 (2022) 112776. 

https://doi.org/10.1016/j.rser.2022.112776. 

[256] R. Rioux, M. Vannice, Dehydrogenation of isopropyl alcohol on carbon-supported Pt 

and Cu–Pt catalysts, J. Catal. 233 (2005) 147–165. 

https://doi.org/10.1016/j.jcat.2005.04.020. 

[257] I. Kvande, D. Chen, M. Rønning, H.J. Venvik, A. Holmen, Highly active Cu-based 

catalysts on carbon nanofibers for isopropanol dehydrogenation, Catal. Today. 100 

(2005) 391–395. https://doi.org/10.1016/j.cattod.2004.10.027. 

[258] J. Wang, L. Xu, R. Nie, X. Lyu, X. Lu, Bifunctional CuNi/CoOx catalyst for mild-

temperature in situ hydrodeoxygenation of fatty acids to alkanes using isopropanol as 

hydrogen source, Fuel. 265 (2020) 116913. https://doi.org/10.1016/j.fuel.2019.116913. 

[259] X. Yang, S. Zhang, H. Tao, X. Yan, Y.-X. Tan, Y. Zhang, S. Gao, R. Cao, Visible-

Light-Driven Selective Alcohol Dehydrogenation and Hydrogenolysis Via the Mott 

Schottky Effect, J. Mater. Chem. A. (2020). https://doi.org/10.1039/C9TA13811K. 

[260] E.A. McLoughlin, B.D. Matson, R. Sarangi, R.M. Waymouth, Electrocatalytic Alcohol 

Oxidation with Iron-Based Acceptorless Alcohol Dehydrogenation Catalyst, Inorg. 

Chem. 59 (2020) 1453–1460. https://doi.org/10.1021/acs.inorgchem.9b03230. 

[261] J.O. Abe, A.P.I. Popoola, E. Ajenifuja, O.M. Popoola, Hydrogen energy, economy and 

storage: Review and recommendation, Int. J. Hydrogen Energy. 44 (2019) 15072–

15086. https://doi.org/10.1016/j.ijhydene.2019.04.068. 

[262] V. Kumaravel, S. Mathew, J. Bartlett, S.C. Pillai, Photocatalytic hydrogen production 

using metal doped TiO2: A review of recent advances, Appl. Catal. B Environ. 244 

(2019) 1021–1064. https://doi.org/10.1016/j.apcatb.2018.11.080. 

[263] Y. Li, W. Tang, Y. Chen, J. Liu, C.F. Lee, Potential of acetone-butanol-ethanol (ABE) 

as a biofuel, Fuel. 242 (2019) 673–686. https://doi.org/10.1016/j.fuel.2019.01.063. 

[264] S. Sifniades, A.B. Levy, “Acetone” in Ullmann’s Encyclopedia of Industrial 

Chemistry, Wiley-VCH, Weinheim, 2005. 

[265] X.M. Anguela, K.A. High, Entering the Modern Era of Gene Therapy, Annu. Rev. 

Med. 70 (2019) 273–288. https://doi.org/10.1146/annurev-med-012017-043332. 

[266] M.A. Mintzer, E.E. Simanek, Nonviral Vectors for Gene Delivery, Chem. Rev. 109 

(2009) 259–302. https://doi.org/10.1021/cr800409e. 

[267] S. Pescina, C. Ostacolo, I.M. Gomez-Monterrey, M. Sala, A. Bertamino, F. Sonvico, 

C. Padula, P. Santi, A. Bianchera, S. Nicoli, Cell penetrating peptides in ocular drug 

delivery: State of the art, J. Control. Release. 284 (2018) 84–102. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


69 
 

https://doi.org/10.1016/j.jconrel.2018.06.023. 

[268] W.B. Kauffman, S. Guha, W.C. Wimley, Synthetic molecular evolution of hybrid cell 

penetrating peptides, Nat. Commun. 9 (2018) 2568. https://doi.org/10.1038/s41467-

018-04874-6. 

[269] M. Dowaidar, H. Nasser Abdelhamid, M. Hällbrink, Ü. Langel, X. Zou, Chitosan 

enhances gene delivery of oligonucleotide complexes with magnetic nanoparticles–

cell-penetrating peptide, J. Biomater. Appl. 33 (2018) 392–401. 

https://doi.org/10.1177/0885328218796623. 

[270] M. Dowaidar, H.N. Abdelhamid, M. Hällbrink, K. Kurrikoff, K. Freimann, X. Zou, Ü. 

Langel, K. Kurrikoff, X. Zou, Ü. Langel, Magnetic Nanoparticle Assisted Self-

assembly of Cell Penetrating Peptides-Oligonucleotides Complexes for Gene Delivery, 

Sci. Rep. 7 (2017) 9159. https://doi.org/10.1038/s41598-017-09803-z. 

[271] M. Dowaidar, H.N. Abdelhamid, M. Hällbrink, X. Zou, Ü. Langel, Graphene oxide 

nanosheets in complex with cell penetrating peptides for oligonucleotides delivery, 

Biochim. Biophys. Acta - Gen. Subj. 1861 (2017) 2334–2341. 

https://doi.org/10.1016/j.bbagen.2017.07.002. 

[272] S. Kumaran, H.N. Abdelhamid, N. Hasan, H.-F. Wu, Cytotoxicity of Palladium 

Nanoparticles Against Aspergillus Niger, Nanosci. Nanotechnology-Asia. 10 (2020) 

80–85. https://doi.org/10.2174/2210681208666180904113754. 

[273] V.K.-Y. Lo, A.O.-Y. Chan, C.-M. Che, Gold and silver catalysis: from organic 

transformation to bioconjugation., Org. Biomol. Chem. 13 (2015) 6667–80. 

https://doi.org/10.1039/c5ob00407a. 

[274] N.E. Motl, A.F. Smith, C.J. DeSantis, S.E. Skrabalak, Engineering plasmonic metal 

colloids through composition and structural design., Chem. Soc. Rev. 43 (2014) 3823–

34. https://doi.org/10.1039/c3cs60347d. 

[275] L. Wu, B.M. Reinhard, Probing subdiffraction limit separations with plasmon coupling 

microscopy: concepts and applications., Chem. Soc. Rev. 43 (2014) 3884–97. 

https://doi.org/10.1039/c3cs60340g. 

[276] J. Sekuła, J. Nizioł, W. Rode, T. Ruman, Silver nanostructures in laser 

desorption/ionization mass spectrometry and mass spectrometry imaging, Analyst. 140 

(2015) 6195–6209. https://doi.org/10.1039/C5AN00943J. 

[277] K. Dastafkan, M. Khajeh, M. Bohlooli, M. Ghaffari-Moghaddam, N. Sheibani, 

Mechanism and behavior of silver nanoparticles in aqueous medium as adsorbent., 

Talanta. 144 (2015) 1377–86. https://doi.org/10.1016/j.talanta.2015.03.065. 

[278] M.S. Yousef, H.N. Abdelhamid, M. Hidalgo, R. Fathy, L. Gómez-Gascón, J. Dorado, 

Antimicrobial activity of silver-carbon nanoparticles on the bacterial flora of bull 

semen, Theriogenology. 161 (2021) 219–227. 

https://doi.org/10.1016/j.theriogenology.2020.12.006. 

[279] H.N. Abdelhamid, A. Talib, H.-F. Wu, Facile synthesis of water soluble silver ferrite 

(AgFeO2) nanoparticles and their biological application as antibacterial agents, RSC 

Adv. 5 (2015) 34594–34602. https://doi.org/10.1039/C4RA14461A. 

[280] H.N. Abdelhamid, A. Talib, H.-F. Wu, Correction: Facile synthesis of water soluble 

silver ferrite (AgFeO 2 ) nanoparticles and their biological application as antibacterial 

agents, RSC Adv. 5 (2015) 39952–39953. https://doi.org/10.1039/C5RA90041G. 

[281] J. Gopal, H.N. Abdelhamid, J.H. Huang, H.F. Wu, Nondestructive detection of the 

freshness of fruits and vegetables using gold and silver nanoparticle mediated 

graphene enhanced Raman spectroscopy, Sensors Actuators, B Chem. 224 (2016) 

413–424. https://doi.org/10.1016/j.snb.2015.08.123. 

[282] L. Shastri, H.N. Abdelhamid, M. Nawaz, H.-F. Wu, Synthesis, characterization and 

bifunctional applications of bidentate silver nanoparticle assisted single drop 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


70 
 

microextraction as a highly sensitive preconcentrating probe for protein analysis, RSC 

Adv. 5 (2015) 41595–41603. https://doi.org/10.1039/C5RA04032A. 

[283] H.N. Abdelhamid, A. Talib, H.-F. Wu, One pot synthesis of gold – carbon dots 

nanocomposite and its application for cytosensing of metals for cancer cells, Talanta. 

166 (2017) 357–363. https://doi.org/10.1016/j.talanta.2016.11.030. 

[284] H.N. Abdelhamid, H.-F. Wu, Gold nanoparticles assisted laser desorption/ionization 

mass spectrometry and applications: from simple molecules to intact cells., Anal. 

Bioanal. Chem. 408 (2016) 4485–4502. https://doi.org/10.1007/s00216-016-9374-6. 

[285] Y. Liang, H.-B. Dai, L.-P. Ma, P. Wang, H.-M. Cheng, Hydrogen generation from 

sodium borohydride solution using a ruthenium supported on graphite catalyst, Int. J. 

Hydrogen Energy. 35 (2010) 3023–3028. 

https://doi.org/10.1016/j.ijhydene.2009.07.008. 

[286] C. Crisafulli, S. Scirè, R. Zito, C. Bongiorno, Role of the Support and the Ru Precursor 

on the Performance of Ru/Carbon Catalysts Towards H2 Production Through NaBH4 

Hydrolysis, Catal. Letters. 142 (2012) 882–888. https://doi.org/10.1007/s10562-012-

0844-y. 

[287] Y. Wei, Y. Wang, L. Wei, X. Zhao, X. Zhou, H. Liu, Highly efficient and reactivated 

electrocatalyst of ruthenium electrodeposited on nickel foam for hydrogen evolution 

from NaBH4 alkaline solution, Int. J. Hydrogen Energy. 43 (2018) 592–600. 

https://doi.org/10.1016/j.ijhydene.2017.11.010. 

[288] F. Wang, Y. Luo, Y. Wang, H. Zhu, The preparation and performance of a novel 

spherical spider web-like structure RuNi/Ni foam catalyst for NaBH4 methanolysis, 

Int. J. Hydrogen Energy. 44 (2019) 13185–13194. 

https://doi.org/10.1016/j.ijhydene.2019.01.123. 

[289] Y.-H. Huang, C.-C. Su, S.-L. Wang, M.-C. Lu, Development of Al2O3 carrier-Ru 

composite catalyst for hydrogen generation from alkaline NaBH4 hydrolysis, Energy. 

46 (2012) 242–247. https://doi.org/10.1016/j.energy.2012.08.027. 

[290] S.C. Amendola, S.L. Sharp-Goldman, M.S. Janjua, M.T. Kelly, P.J. Petillo, M. Binder, 

An ultrasafe hydrogen generator: aqueous, alkaline borohydride solutions and Ru 

catalyst, J. Power Sources. 85 (2000) 186–189. https://doi.org/10.1016/S0378-

7753(99)00301-8. 

[291] M. Wen, Y. Sun, X. Li, Q. Wu, Q. Wu, C. Wang, Ru-capped/FeCo nanoflowers with 

high catalytic efficiency towards hydrolytic dehydrogenation, J. Power Sources. 243 

(2013) 299–305. https://doi.org/10.1016/j.jpowsour.2013.05.190. 

[292] H.X. Nunes, M.J.F. Ferreira, C.M. Rangel, A.M.F.R. Pinto, Hydrogen generation and 

storage by aqueous sodium borohydride (NaBH4) hydrolysis for small portable fuel 

cells (H2–PEMFC), Int. J. Hydrogen Energy. 41 (2016) 15426–15432. 

https://doi.org/10.1016/j.ijhydene.2016.06.173. 

[293] R. Fiorenza, S. Scirè, A.M. Venezia, Carbon supported bimetallic Ru-Co catalysts for 

H 2 production through NaBH 4 and NH 3 BH 3 hydrolysis, Int. J. Energy Res. 42 

(2018) 1183–1195. https://doi.org/10.1002/er.3918. 

[294] F. Ali, S.B. Khan, A.M. Asiri, Enhanced H2 generation from NaBH4 hydrolysis and 

methanolysis by cellulose micro-fibrous cottons as metal templated catalyst, Int. J. 

Hydrogen Energy. 43 (2018) 6539–6550. 

https://doi.org/10.1016/j.ijhydene.2018.02.008. 

[295] J.C. Walter, A. Zurawski, D. Montgomery, M. Thornburg, S. Revankar, Sodium 

borohydride hydrolysis kinetics comparison for nickel, cobalt, and ruthenium boride 

catalysts, J. Power Sources. 179 (2008) 335–339. 

https://doi.org/10.1016/j.jpowsour.2007.12.006. 

[296] X. Li, G. Fan, C. Zeng, Synthesis of ruthenium nanoparticles deposited on graphene-

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


71 
 

like transition metal carbide as an effective catalyst for the hydrolysis of sodium 

borohydride, Int. J. Hydrogen Energy. 39 (2014) 14927–14934. 

https://doi.org/10.1016/j.ijhydene.2014.07.029. 

[297] S. Özkar, M. Zahmakıran, Hydrogen generation from hydrolysis of sodium 

borohydride using Ru(0) nanoclusters as catalyst, J. Alloys Compd. 404–406 (2005) 

728–731. https://doi.org/10.1016/j.jallcom.2004.10.084. 

[298] J. Zhang, J. Hao, Q. Ma, C. Li, Y. Liu, B. Li, Z. Liu, Polyvinylpyrrolidone stabilized-

Ru nanoclusters loaded onto reduced graphene oxide as high active catalyst for 

hydrogen evolution, J. Nanoparticle Res. 19 (2017) 227. 

https://doi.org/10.1007/s11051-017-3924-5. 

[299] J. Zhang, F. Lin, L. Yang, Z. He, X. Huang, D. Zhang, H. Dong, Ultrasmall Ru 

nanoparticles supported on chitin nanofibers for hydrogen production from NaBH4 

hydrolysis, Chinese Chem. Lett. 31 (2020) 2019–2022. 

https://doi.org/10.1016/j.cclet.2019.11.042. 

[300] A.M.F.R. Pinto, M.J.F. Ferreira, V.R. Fernandes, C.M. Rangel, Durability and 

reutilization capabilities of a Ni–Ru catalyst for the hydrolysis of sodium borohydride 

in batch reactors, Catal. Today. 170 (2011) 40–49. 

https://doi.org/10.1016/j.cattod.2011.03.051. 

[301] G. Bozkurt, A. Özer, A.B. Yurtcan, Development of effective catalysts for hydrogen 

generation from sodium borohydride: Ru, Pt, Pd nanoparticles supported on Co3O4, 

Energy. 180 (2019) 702–713. https://doi.org/10.1016/j.energy.2019.04.196. 

[302] Z. Liu, B. Guo, S.H. Chan, E.H. Tang, L. Hong, Pt and Ru dispersed on LiCoO2 for 

hydrogen generation from sodium borohydride solutions, J. Power Sources. 176 (2008) 

306–311. https://doi.org/10.1016/j.jpowsour.2007.09.114. 

[303] Y. Kojima, K. Suzuki, K. Fukumoto, M. Sasaki, T. Yamamoto, Y. Kawai, H. Hayashi, 

Hydrogen generation using sodium borohydride solution and metal catalyst coated on 

metal oxide, Int. J. Hydrogen Energy. 27 (2002) 1029–1034. 

https://doi.org/10.1016/S0360-3199(02)00014-9. 

[304] O.V. Komova, V.I. Simagina, O.V. Netskina, D.G. Kellerman, A.V. Ishchenko, N.A. 

Rudina, LiCoO2-based catalysts for generation of hydrogen gas from sodium 

borohydride solutions, Catal. Today. 138 (2008) 260–265. 

https://doi.org/10.1016/j.cattod.2008.06.030. 

[305] P. Dai, X. Zhao, D. Xu, C. Wang, X. Tao, X. Liu, J. Gao, Preparation, 

characterization, and properties of Pt/Al2O3/cordierite monolith catalyst for hydrogen 

generation from hydrolysis of sodium borohydride in a flow reactor, Int. J. Hydrogen 

Energy. 44 (2019) 28463–28470. https://doi.org/10.1016/j.ijhydene.2019.02.013. 

[306] A. Uzundurukan, Y. Devrim, Hydrogen generation from sodium borohydride 

hydrolysis by multi-walled carbon nanotube supported platinum catalyst: A kinetic 

study, Int. J. Hydrogen Energy. 44 (2019) 17586–17594. 

https://doi.org/10.1016/j.ijhydene.2019.04.188. 

[307] Y. Kojima, Y. Kawai, H. Nakanishi, S. Matsumoto, Compressed hydrogen generation 

using chemical hydride, J. Power Sources. 135 (2004) 36–41. 

https://doi.org/10.1016/j.jpowsour.2004.03.079. 

[308] M. Irum, M. Zaheer, M. Friedrich, R. Kempe, Mesoporous silica nanosphere supported 

platinum nanoparticles (Pt@MSN): one-pot synthesis and catalytic hydrogen 

generation, RSC Adv. 6 (2016) 10438–10441. https://doi.org/10.1039/C5RA25243A. 

[309] T.-F. Hung, H.-C. Kuo, C.-W. Tsai, H.M. Chen, R.-S. Liu, B.-J. Weng, J.-F. Lee, An 

alternative cobalt oxide-supported platinum catalyst for efficient hydrolysis of sodium 

borohydride, J. Mater. Chem. 21 (2011) 11754. https://doi.org/10.1039/c1jm11720c. 

[310] S.A. Al-Thabaiti, Z. Khan, M.A. Malik, Bimetallic Ag-Ni nanoparticles as an effective 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


72 
 

catalyst for hydrogen generation from hydrolysis of sodium borohydride, Int. J. 

Hydrogen Energy. 44 (2019) 16452–16466. 

https://doi.org/10.1016/j.ijhydene.2019.04.240. 

[311] X. Wang, S. Sun, Z. Huang, H. Zhang, S. Zhang, Preparation and catalytic activity of 

PVP-protected Au/Ni bimetallic nanoparticles for hydrogen generation from 

hydrolysis of basic NaBH4 solution, Int. J. Hydrogen Energy. 39 (2014) 905–916. 

https://doi.org/10.1016/j.ijhydene.2013.10.122. 

[312] C. Huff, T. Dushatinski, T.M. Abdel-Fattah, Gold nanoparticle/multi-walled carbon 

nanotube composite as novel catalyst for hydrogen evolution reactions, Int. J. 

Hydrogen Energy. 42 (2017) 18985–18990. 

https://doi.org/10.1016/j.ijhydene.2017.05.226. 

[313] A. Zabielaitė, A. Balčiūnaitė, I. Stalnionienė, S. Lichušina, D. Šimkūnaitė, J. 

Vaičiūnienė, B. Šimkūnaitė-Stanynienė, A. Selskis, L. Tamašauskaitė-Tamašiūnaitė, 

E. Norkus, Fiber-shaped Co modified with Au and Pt crystallites for enhanced 

hydrogen generation from sodium borohydride, Int. J. Hydrogen Energy. 43 (2018) 

23310–23318. https://doi.org/10.1016/j.ijhydene.2018.10.179. 

[314] Y. Bai, C. Wu, F. Wu, B. Yi, Carbon-supported platinum catalysts for on-site 

hydrogen generation from NaBH4 solution, Mater. Lett. 60 (2006) 2236–2239. 

https://doi.org/10.1016/j.matlet.2005.12.119. 

[315] J. Zhang, F. Lin, L. Yang, H. Dong, Highly dispersed Ru/Co catalyst with enhanced 

activity for catalyzing NaBH4 hydrolysis in alkaline solution, Chinese Chem. Lett. 

(2020). https://doi.org/10.1016/j.cclet.2020.03.072. 

[316] L. Semiz, N. Abdullayeva, M. Sankir, Nanoporous Pt and Ru catalysts by chemical 

dealloying of Pt-Al and Ru-Al alloys for ultrafast hydrogen generation, J. Alloys 

Compd. 744 (2018) 110–115. https://doi.org/10.1016/j.jallcom.2018.02.082. 

[317] J. Guo, C. Wu, J. Zhang, P. Yan, J. Tian, X. Shen, T.T. Isimjan, X. Yang, 

Hierarchically structured rugae-like RuP 3 –CoP arrays as robust catalysts 

synergistically promoting hydrogen generation, J. Mater. Chem. A. 7 (2019) 8865–

8872. https://doi.org/10.1039/C8TA10695A. 

[318] Y. Guo, J. Qian, A. Iqbal, L. Zhang, W. Liu, W. Qin, Pd nanoparticles immobilized on 

magnetic carbon dots@Fe3O4 nanocubes as a synergistic catalyst for hydrogen 

generation, Int. J. Hydrogen Energy. 42 (2017) 15167–15177. 

https://doi.org/10.1016/j.ijhydene.2017.04.253. 

[319] J. Wang, D. Ke, Y. Li, H. Zhang, C. Wang, X. Zhao, Y. Yuan, S. Han, Efficient 

hydrolysis of alkaline sodium borohydride catalyzed by cobalt nanoparticles supported 

on three–dimensional graphene oxide, Mater. Res. Bull. 95 (2017) 204–210. 

https://doi.org/10.1016/j.materresbull.2017.07.039. 

[320] H.N. Abdelhamid, UiO-66 as a catalyst for hydrogen production via the hydrolysis of 

sodium borohydride, Dalt. Trans. 49 (2020) 10851–10857. 

https://doi.org/10.1039/D0DT01688H. 

[321] Q. Li, H. Kim, Hydrogen production from NaBH4 hydrolysis via Co-ZIF-9 catalyst, 

Fuel Process. Technol. 100 (2012) 43–48. 

https://doi.org/10.1016/j.fuproc.2012.03.007. 

[322] H.N. Abdelhamid, Hierarchical porous ZIF-8 for hydrogen production via the 

hydrolysis of sodium borohydride, Dalt. Trans. 49 (2020) 4416–4424. 

https://doi.org/10.1039/D0DT00145G. 

[323] H.N. Abdelhamid, Salts Induced Formation of Hierarchical Porous ZIF‐8 and Their 

Applications for CO2 Sorption and Hydrogen Generation via NaBH4 Hydrolysis, 

Macromol. Chem. Phys. 221 (2020) 2000031. 

https://doi.org/10.1002/macp.202000031. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


73 
 

[324] K.-Y.A. Lin, H.-A. Chang, Efficient hydrogen production from NaBH4 hydrolysis 

catalyzed by a magnetic cobalt/carbon composite derived from a zeolitic imidazolate 

framework, Chem. Eng. J. 296 (2016) 243–251. 

https://doi.org/10.1016/j.cej.2016.03.115. 

[325] D. Xu, X. Zhang, X. Zhao, P. Dai, C. Wang, J. Gao, X. Liu, Stability and kinetic 

studies of MOF‐derived carbon‐confined ultrafine Co catalyst for sodium borohydride 

hydrolysis, Int. J. Energy Res. 43 (2019) 3702–3710. https://doi.org/10.1002/er.4524. 

[326] X. Zhang, X. Sun, D. Xu, X. Tao, P. Dai, Q. Guo, X. Liu, Synthesis of MOF-derived 

Co@C composites and application for efficient hydrolysis of sodium borohydride, 

Appl. Surf. Sci. 469 (2019) 764–769. https://doi.org/10.1016/j.apsusc.2018.11.094. 

[327] Z. Gao, C. Ding, J. Wang, G. Ding, Y. Xue, Y. Zhang, K. Zhang, P. Liu, X. Gao, 

Cobalt nanoparticles packaged into nitrogen-doped porous carbon derived from metal-

organic framework nanocrystals for hydrogen production by hydrolysis of sodium 

borohydride, Int. J. Hydrogen Energy. 44 (2019) 8365–8375. 

https://doi.org/10.1016/j.ijhydene.2019.02.008. 

[328] C. Wu, J. Guo, J. Zhang, Y. Zhao, J. Tian, T.T. Isimjan, X. Yang, Palladium 

nanoclusters decorated partially decomposed porous ZIF-67 polyhedron with ultrahigh 

catalytic activity and stability on hydrogen generation, Renew. Energy. 136 (2019) 

1064–1070. https://doi.org/10.1016/j.renene.2018.09.070. 

[329] M.M. Durano, A.H. Tamboli, H. Kim, Cobalt oxide synthesized using urea 

precipitation method as catalyst for the hydrolysis of sodium borohydride, Colloids 

Surfaces A Physicochem. Eng. Asp. 520 (2017) 355–360. 

https://doi.org/10.1016/j.colsurfa.2017.02.005. 

[330] G.R.M. Tomboc, A.H. Tamboli, H. Kim, Synthesis of Co3O4 macrocubes catalyst 

using novel chitosan/urea template for hydrogen generation from sodium borohydride, 

Energy. 121 (2017) 238–245. https://doi.org/10.1016/j.energy.2017.01.027. 

[331] L. Wei, X. Dong, M. Ma, Y. Lu, D. Wang, S. Zhang, D. Zhao, Q. Wang, Co3O4 

hollow fiber: An efficient catalyst precursor for hydrolysis of sodium borohydride to 

generate hydrogen, Int. J. Hydrogen Energy. 43 (2018) 1529–1533. 

https://doi.org/10.1016/j.ijhydene.2017.11.113. 

[332] M. Rakap, S. Özkar, Intrazeolite cobalt(0) nanoclusters as low-cost and reusable 

catalyst for hydrogen generation from the hydrolysis of sodium borohydride, Appl. 

Catal. B Environ. 91 (2009) 21–29. https://doi.org/10.1016/j.apcatb.2009.05.014. 

[333] K.N. Patil, D. Prasad, J.T. Bhanushali, H. Kim, A.B. Atar, B.M. Nagaraja, A.H. 

Jadhav, Sustainable Hydrogen Generation by Catalytic Hydrolysis of NaBH4 Using 

Tailored Nanostructured Urchin-like CuCo2O4 Spinel Catalyst, Catal. Letters. 150 

(2020) 586–604. https://doi.org/10.1007/s10562-019-03025-w. 

[334] L. Cui, X. Sun, Y. Xu, W. Yang, J. Liu, Cobalt Carbonate Hydroxide Nanowire Array 

on Ti Mesh: An Efficient and Robust 3D Catalyst for On-Demand Hydrogen 

Generation from Alkaline NaBH 4 Solution, Chem. - A Eur. J. 22 (2016) 14831–

14835. https://doi.org/10.1002/chem.201603087. 

[335] L. Wang, Y. Liu, S. Ashraf, J. Jiang, G. Han, J. Gao, X. Wu, B. Li, Pitaya pulp 

structural cobalt–carbon composite for efficient hydrogen generation from borohydride 

hydrolysis, J. Alloys Compd. 808 (2019) 151774. 

https://doi.org/10.1016/j.jallcom.2019.151774. 

[336] A.F. Baye, M.W. Abebe, R. Appiah-Ntiamoah, H. Kim, Engineered iron-carbon-cobalt 

(Fe3O4@C-Co) core-shell composite with synergistic catalytic properties towards 

hydrogen generation via NaBH4 hydrolysis, J. Colloid Interface Sci. 543 (2019) 273–

284. https://doi.org/10.1016/j.jcis.2019.02.065. 

[337] H.A. Bandal, A.R. Jadhav, H. Kim, Cobalt impregnated magnetite-multiwalled carbon 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


74 
 

nanotube nanocomposite as magnetically separable efficient catalyst for hydrogen 

generation by NaBH 4 hydrolysis, J. Alloys Compd. 699 (2017) 1057–1067. 

https://doi.org/10.1016/j.jallcom.2016.12.428. 

[338] L. Shi, Z. Chen, Z. Jian, F. Guo, C. Gao, Carbon nanotubes-promoted Co–B catalysts 

for rapid hydrogen generation via NaBH4 hydrolysis, Int. J. Hydrogen Energy. 44 

(2019) 19868–19877. https://doi.org/10.1016/j.ijhydene.2019.05.206. 

[339] F. Zhang, C. Hou, Q. Zhang, H. Wang, Y. Li, Graphene sheets/cobalt nanocomposites 

as low-cost/high-performance catalysts for hydrogen generation, Mater. Chem. Phys. 

135 (2012) 826–831. https://doi.org/10.1016/j.matchemphys.2012.05.065. 

[340] C. Wu, F. Wu, Y. Bai, B. Yi, H. Zhang, Cobalt boride catalysts for hydrogen 

generation from alkaline NaBH4 solution, Mater. Lett. 59 (2005) 1748–1751. 

https://doi.org/10.1016/j.matlet.2005.01.058. 

[341] S.U. Jeong, R.K. Kim, E.A. Cho, H.-J. Kim, S.-W. Nam, I.-H. Oh, S.-A. Hong, S.H. 

Kim, A study on hydrogen generation from NaBH4 solution using the high-

performance Co-B catalyst, J. Power Sources. 144 (2005) 129–134. 

https://doi.org/10.1016/j.jpowsour.2004.12.046. 

[342] Z. Wu, S. Ge, Facile synthesis of a Co–B nanoparticle catalyst for efficient hydrogen 

generation via borohydride hydrolysis, Catal. Commun. 13 (2011) 40–43. 

https://doi.org/10.1016/j.catcom.2011.06.017. 

[343] B. LIU, Q. LI, A highly active Co-B catalyst for hydrogen generation from sodium 

borohydride hydrolysis, Int. J. Hydrogen Energy. 33 (2008) 7385–7391. 

https://doi.org/10.1016/j.ijhydene.2008.09.055. 

[344] J. Manna, B. Roy, M. Vashistha, P. Sharma, Effect of Co+2/BH4− ratio in the 

synthesis of Co–B catalysts on sodium borohydride hydrolysis, Int. J. Hydrogen 

Energy. 39 (2014) 406–413. https://doi.org/10.1016/j.ijhydene.2013.10.018. 

[345] C.-C. Chou, C.-H. Hsieh, B.-H. Chen, Hydrogen generation from catalytic hydrolysis 

of sodium borohydride using bimetallic Ni–Co nanoparticles on reduced graphene 

oxide as catalysts, Energy. 90 (2015) 1973–1982. 

https://doi.org/10.1016/j.energy.2015.07.023. 

[346] S.S. Muir, Z. Chen, B.J. Wood, L. Wang, G.Q. (Max) Lu, X. Yao, New electroless 

plating method for preparation of highly active Co–B catalysts for NaBH4 hydrolysis, 

Int. J. Hydrogen Energy. 39 (2014) 414–425. 

https://doi.org/10.1016/j.ijhydene.2013.10.022. 

[347] X. Zhang, Z. Wei, Q. Guo, H. Tian, Kinetics of sodium borohydride hydrolysis 

catalyzed via carbon nanosheets supported Zr/Co, J. Power Sources. 231 (2013) 190–

196. https://doi.org/10.1016/j.jpowsour.2013.01.008. 

[348] T.A. Hansu, A. Caglar, O. Sahin, H. Kivrak, Hydrolysis and electrooxidation of 

sodium borohydride on novel CNT supported CoBi fuel cell catalyst, Mater. Chem. 

Phys. 239 (2020) 122031. https://doi.org/10.1016/j.matchemphys.2019.122031. 

[349] X. Huang, D. Wu, D. Cheng, Porous Co2P nanowires as high efficient bifunctional 

catalysts for 4-nitrophenol reduction and sodium borohydride hydrolysis, J. Colloid 

Interface Sci. 507 (2017) 429–436. https://doi.org/10.1016/j.jcis.2017.08.024. 

[350] L. Wei, X.-L. Dong, Y.-M. Yang, Q.-Y. Shi, Y.-H. Lu, H.-Y. Liu, Y.-N. Yu, M.-H. 

Zhang, M. Qi, Q. Wang, Co−O−P composite nanocatalysts for hydrogen generation 

from the hydrolysis of alkaline sodium borohydride solution, Int. J. Hydrogen Energy. 

45 (2020) 10745–10753. https://doi.org/10.1016/j.ijhydene.2020.02.017. 

[351] M. Bekiroğullari, M. Kaya, C. Saka, Highly efficient Co-B catalysts with Chlorella 

Vulgaris microalgal strain modified using hydrochloric acid as a new support material 

for hydrogen production from methanolysis of sodium borohydride, Int. J. Hydrogen 

Energy. 44 (2019) 7262–7275. https://doi.org/10.1016/j.ijhydene.2019.01.246. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


75 
 

[352] Y. Wang, T. Li, S. Bai, K. Qi, Z. Cao, K. Zhang, S. Wu, D. Wang, Catalytic hydrolysis 

of sodium borohydride via nanostructured cobalt–boron catalysts, Int. J. Hydrogen 

Energy. 41 (2016) 276–284. https://doi.org/10.1016/j.ijhydene.2015.11.076. 

[353] L. Wang, M. Zhong, J. Li, X. Zhao, W. Hao, Y. Guo, Highly efficient ferromagnetic 

Co B O catalyst for hydrogen generation, Int. J. Hydrogen Energy. 43 (2018) 17164–

17171. https://doi.org/10.1016/j.ijhydene.2018.07.107. 

[354] X. Yuan, C. Jia, X.-L. Ding, Z.-F. Ma, Effects of heat-treatment temperature on 

properties of Cobalt–Manganese–Boride as efficient catalyst toward hydrolysis of 

alkaline sodium borohydride solution, Int. J. Hydrogen Energy. 37 (2012) 995–1001. 

https://doi.org/10.1016/j.ijhydene.2011.03.064. 

[355] Y. Li, X. Hou, J. Wang, X. Feng, L. Cheng, H. Zhang, S. Han, Co-Mo nanoparticles 

loaded on three–dimensional graphene oxide as efficient catalysts for hydrogen 

generation from catalytic hydrolysis of sodium borohydride, Int. J. Hydrogen Energy. 

44 (2019) 29075–29082. https://doi.org/10.1016/j.ijhydene.2019.02.124. 

[356] D. Ke, Y. Tao, Y. Li, X. Zhao, L. Zhang, J. Wang, S. Han, Kinetics study on 

hydrolytic dehydrogenation of alkaline sodium borohydride catalyzed by Mo-modified 

Co–B nanoparticles, Int. J. Hydrogen Energy. 40 (2015) 7308–7317. 

https://doi.org/10.1016/j.ijhydene.2015.04.041. 

[357] D.-W. Zhuang, H.-B. Dai, Y.-J. Zhong, L.-X. Sun, P. Wang, A new reactivation 

method towards deactivation of honeycomb ceramic monolith supported cobalt–

molybdenum–boron catalyst in hydrolysis of sodium borohydride, Int. J. Hydrogen 

Energy. 40 (2015) 9373–9381. https://doi.org/10.1016/j.ijhydene.2015.05.177. 

[358] Y. Zou, Y. Yin, Y. Gao, C. Xiang, H. Chu, S. Qiu, E. Yan, F. Xu, L. Sun, Chitosan-

mediated Co–Ce–B nanoparticles for catalyzing the hydrolysis of sodium borohydride, 

Int. J. Hydrogen Energy. 43 (2018) 4912–4921. 

https://doi.org/10.1016/j.ijhydene.2018.01.125. 

[359] J. Chang, H. Tian, F. Du, Investigation into hydrolysis and alcoholysis of sodium 

borohydride in ethanol–water solutions in the presence of supported Co–Ce–B 

catalyst, Int. J. Hydrogen Energy. 39 (2014) 13087–13097. 

https://doi.org/10.1016/j.ijhydene.2014.06.150. 

[360] X. Wang, Y. Zhao, X. Peng, C. Jing, W. Hu, S. Tian, J. Tian, In situ synthesis of 

cobalt-based tri-metallic nanosheets as highly efficient catalysts for sodium 

borohydride hydrolysis, Int. J. Hydrogen Energy. 41 (2016) 219–226. 

https://doi.org/10.1016/j.ijhydene.2015.10.139. 

[361] A.A. Vernekar, S.T. Bugde, S. Tilve, Sustainable hydrogen production by catalytic 

hydrolysis of alkaline sodium borohydride solution using recyclable Co–Co2B and Ni–

Ni3B nanocomposites, Int. J. Hydrogen Energy. 37 (2012) 327–334. 

https://doi.org/10.1016/j.ijhydene.2011.09.033. 

[362] Y. Wei, X. Huang, J. Wang, H. Yu, X. Zhao, D. Cheng, Synthesis of bifunctional non-

noble monolithic catalyst Co-W-P/carbon cloth for sodium borohydride hydrolysis and 

reduction of 4-nitrophenol, Int. J. Hydrogen Energy. 42 (2017) 25860–25868. 

https://doi.org/10.1016/j.ijhydene.2017.08.148. 

[363] J. Guo, Y. Hou, B. Li, Y. Liu, Novel Ni–Co–B hollow nanospheres promote hydrogen 

generation from the hydrolysis of sodium borohydride, Int. J. Hydrogen Energy. 43 

(2018) 15245–15254. https://doi.org/10.1016/j.ijhydene.2018.06.117. 

[364] Y. Wei, W. Meng, Y. Wang, Y. Gao, K. Qi, K. Zhang, Fast hydrogen generation from 

NaBH 4 hydrolysis catalyzed by nanostructured Co–Ni–B catalysts, Int. J. Hydrogen 

Energy. 42 (2017) 6072–6079. https://doi.org/10.1016/j.ijhydene.2016.11.134. 

[365] L. Wang, Z. Li, X. Liu, P. Zhang, G. Xie, Hydrogen generation from alkaline NaBH 4 

solution using electroless-deposited Co–W–P supported on γ-Al 2 O 3, Int. J. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


76 
 

Hydrogen Energy. 40 (2015) 7965–7973. 

https://doi.org/10.1016/j.ijhydene.2015.04.110. 

[366] R. Fernandes, N. Patel, A. Miotello, Hydrogen generation by hydrolysis of alkaline 

NaBH4 solution with Cr-promoted Co–B amorphous catalyst, Appl. Catal. B Environ. 

92 (2009) 68–74. https://doi.org/10.1016/j.apcatb.2009.07.019. 

[367] Z. Cui, Y. Guo, J. Ma, In situ synthesis of graphene supported Co-Sn-B alloy as an 

efficient catalyst for hydrogen generation from sodium borohydride hydrolysis, Int. J. 

Hydrogen Energy. 41 (2016) 1592–1599. 

https://doi.org/10.1016/j.ijhydene.2015.11.081. 

[368] Y. Liang, P. Wang, H.-B. Dai, Hydrogen bubbles dynamic template preparation of a 

porous Fe–Co–B/Ni foam catalyst for hydrogen generation from hydrolysis of alkaline 

sodium borohydride solution, J. Alloys Compd. 491 (2010) 359–365. 

https://doi.org/10.1016/j.jallcom.2009.10.183. 

[369] Y. Zhao, Z. Ning, J. Tian, H. Wang, X. Liang, S. Nie, Y. Yu, X. Li, Hydrogen 

generation by hydrolysis of alkaline NaBH4 solution on Co–Mo–Pd–B amorphous 

catalyst with efficient catalytic properties, J. Power Sources. 207 (2012) 120–126. 

https://doi.org/10.1016/j.jpowsour.2012.01.118. 

[370] H. DAI, Y. LIANG, P. WANG, X. YAO, T. RUFFORD, M. LU, H. CHENG, High-

performance cobalt–tungsten–boron catalyst supported on Ni foam for hydrogen 

generation from alkaline sodium borohydride solution, Int. J. Hydrogen Energy. 33 

(2008) 4405–4412. https://doi.org/10.1016/j.ijhydene.2008.05.080. 

[371] L. Wang, Z. Li, Y. Zhang, T. Zhang, G. Xie, Hydrogen generation from alkaline 

NaBH4 solution using electroless-deposited Co–Ni–W–P/γ-Al2O3 as catalysts, J. 

Alloys Compd. 702 (2017) 649–658. https://doi.org/10.1016/j.jallcom.2017.01.295. 

[372] D. XU, P. DAI, Q. GUO, X. YUE, Improved hydrogen generation from alkaline 

NaBH4 solution using cobalt catalysts supported on modified activated carbon, Int. J. 

Hydrogen Energy. 33 (2008) 7371–7377. 

https://doi.org/10.1016/j.ijhydene.2008.09.065. 

[373] J. Zhu, R. Li, W. Niu, Y. Wu, X. Gou, Fast hydrogen generation from NaBH4 

hydrolysis catalyzed by carbon aerogels supported cobalt nanoparticles, Int. J. 

Hydrogen Energy. 38 (2013) 10864–10870. 

https://doi.org/10.1016/j.ijhydene.2013.01.150. 

[374] C.-C. Yang, M.-S. Chen, Y.-W. Chen, Hydrogen generation by hydrolysis of sodium 

borohydride on CoB/SiO2 catalyst, Int. J. Hydrogen Energy. 36 (2011) 1418–1423. 

https://doi.org/10.1016/j.ijhydene.2010.11.006. 

[375] X. Shen, Q. Wang, Q. Wu, S. Guo, Z. Zhang, Z. Sun, B. Liu, Z. Wang, B. Zhao, W. 

Ding, CoB supported on Ag-activated TiO2 as a highly active catalyst for hydrolysis 

of alkaline NaBH4 solution, Energy. 90 (2015) 464–474. 

https://doi.org/10.1016/j.energy.2015.07.075. 

[376] F. Wang, Y. Zhang, Y. Wang, Y. Luo, Y. Chen, H. Zhu, Co-P nanoparticles supported 

on dandelion-like CNTs-Ni foam composite carrier as a novel catalyst for hydrogen 

generation from NaBH4 methanolysis, Int. J. Hydrogen Energy. 43 (2018) 8805–8814. 

https://doi.org/10.1016/j.ijhydene.2018.03.140. 

[377] T. Liu, K. Wang, G. Du, A.M. Asiri, X. Sun, Self-supported CoP nanosheet arrays: a 

non-precious metal catalyst for efficient hydrogen generation from alkaline NaBH 4 

solution, J. Mater. Chem. A. 4 (2016) 13053–13057. 

https://doi.org/10.1039/C6TA02997C. 

[378] M. Rakap, S. Özkar, Hydroxyapatite-supported cobalt(0) nanoclusters as efficient and 

cost-effective catalyst for hydrogen generation from the hydrolysis of both sodium 

borohydride and ammonia-borane, Catal. Today. 183 (2012) 17–25. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


77 
 

https://doi.org/10.1016/j.cattod.2011.04.022. 

[379] K. Li, M. Ma, L. Xie, Y. Yao, R. Kong, G. Du, A.M. Asiri, X. Sun, Monolithically 

integrated NiCoP nanosheet array on Ti mesh: An efficient and reusable catalyst in 

NaBH4 alkaline media toward on-demand hydrogen generation, Int. J. Hydrogen 

Energy. 42 (2017) 19028–19034. https://doi.org/10.1016/j.ijhydene.2017.06.092. 

[380] Y. Guo, Q. Feng, J. Ma, The hydrogen generation from alkaline NaBH4 solution by 

using electroplated amorphous Co–Ni–P film catalysts, Appl. Surf. Sci. 273 (2013) 

253–256. https://doi.org/10.1016/j.apsusc.2013.02.025. 

[381] Y. Guo, Z. Dong, Z. Cui, X. Zhang, J. Ma, Promoting effect of W doped in 

electrodeposited Co–P catalysts for hydrogen generation from alkaline NaBH 4 

solution, Int. J. Hydrogen Energy. 37 (2012) 1577–1583. 

https://doi.org/10.1016/j.ijhydene.2011.10.019. 

[382] M.H. Loghmani, A.F. Shojaei, Hydrogen generation from hydrolysis of sodium 

borohydride by cubic Co–La–Zr–B nano particles as novel catalyst, Int. J. Hydrogen 

Energy. 38 (2013) 10470–10478. https://doi.org/10.1016/j.ijhydene.2013.05.141. 

[383] W. Wang, Y. Zhao, D. Chen, X. Wang, X. Peng, J. Tian, Promoted Mo incorporated 

Co–Ru–B catalyst for fast hydrolysis of NaBH 4 in alkaline solutions, Int. J. Hydrogen 

Energy. 39 (2014) 16202–16211. https://doi.org/10.1016/j.ijhydene.2013.12.093. 

[384] L. Wang, Z. Li, P. Zhang, G. Wang, G. Xie, Hydrogen generation from alkaline 

NaBH4 solution using Co–Ni–Mo–P/γ-Al2O3 catalysts, Int. J. Hydrogen Energy. 41 

(2016) 1468–1476. https://doi.org/10.1016/j.ijhydene.2015.11.028. 

[385] C. Kim, S.S. Lee, W. Li, J.D. Fortner, Towards optimizing cobalt based metal oxide 

nanocrystals for hydrogen generation via NaBH4 hydrolysis, Appl. Catal. A Gen. 589 

(2020) 117303. https://doi.org/10.1016/j.apcata.2019.117303. 

[386] L. Xie, K. Wang, G. Du, A.M. Asiri, X. Sun, 3D hierarchical CuO/Co3O4 core–shell 

nanowire array on copper foam for on-demand hydrogen generation from alkaline 

NaBH 4 solution, RSC Adv. 6 (2016) 88846–88850. 

https://doi.org/10.1039/C6RA17340C. 

[387] Z. Li, L. Wang, Y. Zhang, G. Xie, Properties of Cu Co P/γ-Al 2 O 3 catalysts for 

efficient hydrogen generation by hydrolysis of alkaline NaBH 4 solution, Int. J. 

Hydrogen Energy. 42 (2017) 5749–5757. 

https://doi.org/10.1016/j.ijhydene.2016.11.194. 

[388] M. Tang, F. Xia, C. Gao, H. Qiu, Preparation of magnetically recyclable 

CuFe2O4/RGO for catalytic hydrolysis of sodium borohydride, Int. J. Hydrogen 

Energy. 41 (2016) 13058–13068. https://doi.org/10.1016/j.ijhydene.2016.05.034. 

[389] H. Zhang, G. Xu, L. Zhang, W. Wang, W. Miao, K. Chen, L. Cheng, Y. Li, S. Han, 

Ultrafine cobalt nanoparticles supported on carbon nanospheres for hydrolysis of 

sodium borohydride, Renew. Energy. 162 (2020) 345–354. 

https://doi.org/10.1016/j.renene.2020.08.031. 

[390] Y. Wang, K. Zou, D. Zhang, Z. Cao, K. Zhang, Y. Xie, Gong zhou, G. Li, S. Bai, 

Cobalt–copper–boron nanoparticles as catalysts for the efficient hydrolysis of alkaline 

sodium borohydride solution, Int. J. Hydrogen Energy. 45 (2020) 9845–9853. 

https://doi.org/10.1016/j.ijhydene.2020.01.157. 

[391] J. Ding, Q. Li, Y. Su, Q. Yue, B. Gao, W. Zhou, Preparation and catalytic activity of 

wheat straw cellulose based hydrogel-nanometal composites for hydrogen generation 

from NaBH 4 hydrolysis, Int. J. Hydrogen Energy. 43 (2018) 9978–9987. 

https://doi.org/10.1016/j.ijhydene.2018.04.077. 

[392] L. Zhao, Q. Li, Y. Su, Q. Yue, B. Gao, A novel Enteromorpha based hydrogel for 

copper and nickel nanoparticle preparation and their use in hydrogen production as 

catalysts, Int. J. Hydrogen Energy. 42 (2017) 6746–6756. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


78 
 

https://doi.org/10.1016/j.ijhydene.2017.02.092. 

[393] J.-H. Kim, K.-T. Kim, Y.-M. Kang, H.-S. Kim, M.-S. Song, Y.-J. Lee, P.S. Lee, J.-Y. 

Lee, Study on degradation of filamentary Ni catalyst on hydrolysis of sodium 

borohydride, J. Alloys Compd. 379 (2004) 222–227. 

https://doi.org/10.1016/j.jallcom.2004.02.009. 

[394] C.-H. Liu, B.-H. Chen, C.-L. Hsueh, J.-R. Ku, M.-S. Jeng, F. Tsau, Hydrogen 

generation from hydrolysis of sodium borohydride using Ni–Ru nanocomposite as 

catalysts, Int. J. Hydrogen Energy. 34 (2009) 2153–2163. 

https://doi.org/10.1016/j.ijhydene.2008.12.059. 

[395] L. Hostert, E.G.C. Neiva, A.J.G. Zarbin, E.S. Orth, Nanocatalysts for hydrogen 

production from borohydride hydrolysis: graphene-derived thin films with Ag- and Ni-

based nanoparticles, J. Mater. Chem. A. 6 (2018) 22226–22233. 

https://doi.org/10.1039/C8TA05834B. 

[396] Q. Lai, D. Alligier, K.-F. Aguey-Zinsou, U.B. Demirci, Hydrogen generation from a 

sodium borohydride–nickel core@shell structure under hydrolytic conditions, 

Nanoscale Adv. 1 (2019) 2707–2717. https://doi.org/10.1039/C9NA00037B. 

[397] Y. Wang, Y. Lu, D. Wang, S. Wu, Z. Cao, K. Zhang, H. Liu, S. Xin, Hydrogen 

generation from hydrolysis of sodium borohydride using nanostructured NiB catalysts, 

Int. J. Hydrogen Energy. 41 (2016) 16077–16086. 

https://doi.org/10.1016/j.ijhydene.2016.05.258. 

[398] J.K. Lee, H. Ann, Y. Yi, K.W. Lee, S. Uhm, J. Lee, A stable Ni–B catalyst in 

hydrogen generation via NaBH4 hydrolysis, Catal. Commun. 16 (2011) 120–123. 

https://doi.org/10.1016/j.catcom.2011.09.015. 

[399] D. Hua, Hydrogen production from catalytic hydrolysis of sodium borohydride 

solution using nickel boride catalyst, Int. J. Hydrogen Energy. 28 (2003) 1095–1100. 

https://doi.org/10.1016/S0360-3199(02)00235-5. 

[400] M. Makiabadi, T. Shamspur, A. Mostafavi, Performance improvement of oxygen on 

the carbon substrate surface for dispersion of cobalt nanoparticles and its effect on 

hydrogen generation rate via NaBH4 hydrolysis, Int. J. Hydrogen Energy. 45 (2020) 

1706–1718. https://doi.org/10.1016/j.ijhydene.2019.11.026. 

[401] J. Kim, Production of hydrogen from sodium borohydride in alkaline solution: 

development of catalyst with high performance, Int. J. Hydrogen Energy. 29 (2004) 

263–267. https://doi.org/10.1016/S0360-3199(03)00128-9. 

[402] M. Soltani, M. Zabihi, Hydrogen generation by catalytic hydrolysis of sodium 

borohydride using the nano-bimetallic catalysts supported on the core-shell magnetic 

nanocomposite of activated carbon, Int. J. Hydrogen Energy. (2020). 

https://doi.org/10.1016/j.ijhydene.2020.02.203. 

[403] J.C. Ingersoll, N. Mani, J.C. Thenmozhiyal, A. Muthaiah, Catalytic hydrolysis of 

sodium borohydride by a novel nickel–cobalt–boride catalyst, J. Power Sources. 173 

(2007) 450–457. https://doi.org/10.1016/j.jpowsour.2007.04.040. 

[404] C. Wu, Y. Bai, D.-X. Liu, F. Wu, M.-L. Pang, B.-L. Yi, Ni–Co–B catalyst-promoted 

hydrogen generation by hydrolyzing NaBH4 solution for in situ hydrogen supply of 

portable fuel cells, Catal. Today. 170 (2011) 33–39. 

https://doi.org/10.1016/j.cattod.2011.01.046. 

[405] A.M. Pornea, M.W. Abebe, H. Kim, Ternary NiCoP urchin like 3D nanostructure 

supported on nickel foam as a catalyst for hydrogen generation of alkaline NaBH4, 

Chem. Phys. 516 (2019) 152–159. https://doi.org/10.1016/j.chemphys.2018.08.044. 

[406] J. Guo, B. Wang, D. Yang, Z. Wan, P. Yan, J. Tian, T.T. Isimjan, X. Yang, Rugae-like 

Ni2P-CoP nanoarrays as a bi-functional catalyst for hydrogen generation: NaBH4 

hydrolysis and water reduction, Appl. Catal. B Environ. 265 (2020) 118584. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


79 
 

https://doi.org/10.1016/j.apcatb.2019.118584. 

[407] M. Nie, Y.C. Zou, Y.M. Huang, J.Q. Wang, Ni–Fe–B catalysts for NaBH 4 hydrolysis, 

Int. J. Hydrogen Energy. 37 (2012) 1568–1576. 

https://doi.org/10.1016/j.ijhydene.2011.10.006. 

[408] J. Guo, Y. Hou, B. Li, Facile synthesis of a hollow Ni–Fe–B nanochain and its 

enhanced catalytic activity for hydrogen generation from NaBH 4 hydrolysis, RSC 

Adv. 8 (2018) 25873–25880. https://doi.org/10.1039/C8RA03848A. 

[409] G. Bozkurt, A. Özer, A.B. Yurtcan, Hydrogen generation from sodium borohydride 

with Ni and Co based catalysts supported on Co3O4, Int. J. Hydrogen Energy. 43 

(2018) 22205–22214. https://doi.org/10.1016/j.ijhydene.2018.10.106. 

[410] Y. Xin, Z. Wang, Y. Jiang, Kinetic study of NaBH4 catalytic hydrolysis using 

supported NiCo2O4, Mater. Res. Express. 6 (2019) 125530. 

https://doi.org/10.1088/2053-1591/ab5d4c. 

[411] H. Zhang, X. Feng, L. Cheng, X. Hou, Y. Li, S. Han, Non-noble Co anchored on 

nanoporous graphene oxide, as an efficient and long-life catalyst for hydrogen 

generation from sodium borohydride, Colloids Surfaces A Physicochem. Eng. Asp. 

563 (2019) 112–119. https://doi.org/10.1016/j.colsurfa.2018.12.002. 

[412] Z. Liang, Q. Li, F. Li, S. Zhao, X. Xia, Hydrogen generation from hydrolysis of 

NaBH4 based on high stable NiB/NiFe2O4 catalyst, Int. J. Hydrogen Energy. 42 

(2017) 3971–3980. https://doi.org/10.1016/j.ijhydene.2016.10.115. 

[413] T.N. Tuan, Y. Yi, J.K. Lee, J. Lee, Fe–B catalyst fabricated by hybrid capacitive 

adsorption–chemical reduction method and its application for hydrogen production 

from NaBH4 solution, Catal. Today. 216 (2013) 240–245. 

https://doi.org/10.1016/j.cattod.2013.05.024. 

[414] D. Aman, A.A. Alkahlawy, T. Zaki, Hydrolysis of NaBH4 using ZVI/Fe2(MoO4)3 

nanocatalyst, Int. J. Hydrogen Energy. 43 (2018) 18289–18295. 

https://doi.org/10.1016/j.ijhydene.2018.08.078. 

[415] S. Duman, S. Özkar, Ceria supported manganese(0) nanoparticle catalysts for 

hydrogen generation from the hydrolysis of sodium borohydride, Int. J. Hydrogen 

Energy. 43 (2018) 15262–15274. https://doi.org/10.1016/j.ijhydene.2018.06.120. 

[416] A. Chinnappan, J.M.C. Puguan, W.-J. Chung, H. Kim, Hydrogen generation from the 

hydrolysis of sodium borohydride using chemically modified multiwalled carbon 

nanotubes with pyridinium based ionic liquid and decorated with highly dispersed Mn 

nanoparticles, J. Power Sources. 293 (2015) 429–436. 

https://doi.org/10.1016/j.jpowsour.2015.05.096. 

[417] L. Yang, X. Huang, J. Zhang, H. Dong, Protonated Poly(ethylene imine)‐Coated Silica 

Nanoparticles for Promoting Hydrogen Generation from the Hydrolysis of Sodium 

Borohydride, Chempluschem. 85 (2020) 399–404. 

https://doi.org/10.1002/cplu.201900609. 

[418] N. Sahiner, A.O. Yasar, N. Aktas, H2 generation from NaBH4 methanolysis via 

magnetic field sensitive ionic liquid coated silica particles as catalyst, Surfaces and 

Interfaces. 8 (2017) 36–44. https://doi.org/10.1016/j.surfin.2017.04.006. 

[419] J. Manna, B. Roy, P. Sharma, Efficient hydrogen generation from sodium borohydride 

hydrolysis using silica sulfuric acid catalyst, J. Power Sources. 275 (2015) 727–733. 

https://doi.org/10.1016/j.jpowsour.2014.11.040. 

[420] N. Sahiner, A.O. Yasar, A New Application for Colloidal Silica Particles: Natural, 

Environmentally Friendly, Low-Cost, and Reusable Catalyst Material for H 2 

Production from NaBH 4 Methanolysis, Ind. Eng. Chem. Res. 55 (2016) 11245–

11252. https://doi.org/10.1021/acs.iecr.6b03089. 

[421] M. Bekirogullari, Hydrogen production from sodium borohydride by ZnCl2 treated 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


80 
 

defatted spent coffee ground catalyst, Int. J. Hydrogen Energy. 45 (2020) 9733–9743. 

https://doi.org/10.1016/j.ijhydene.2020.01.244. 

[422] S.Y. Lim, W. Shen, Z. Gao, Carbon quantum dots and their applications, Chem. Soc. 

Rev. 44 (2015) 362–381. https://doi.org/10.1039/C4CS00269E. 

[423] M. Li, T. Chen, J.J. Gooding, J. Liu, Review of Carbon and Graphene Quantum Dots 

for Sensing, ACS Sensors. 4 (2019) 1732–1748. 

https://doi.org/10.1021/acssensors.9b00514. 

[424] M.L. Liu, B. Bin Chen, C.M. Li, C.Z. Huang, Carbon dots: synthesis, formation 

mechanism, fluorescence origin and sensing applications, Green Chem. 21 (2019) 

449–471. https://doi.org/10.1039/C8GC02736F. 

[425] P. Bag, R.K. Maurya, A. Dadwal, M. Sarkar, P.A. Chawla, R.K. Narang, B. Kumar, 

Recent Development in Synthesis of Carbon Dots from Natural Resources and Their 

Applications in Biomedicine and Multi‐Sensing Platform, ChemistrySelect. 6 (2021) 

2774–2789. https://doi.org/10.1002/slct.202100468. 

[426] S. Iravani, R.S. Varma, Green synthesis, biomedical and biotechnological applications 

of carbon and graphene quantum dots. A review, Environ. Chem. Lett. (2020). 

https://doi.org/https://doi.org/10.1007/s10311-020-00984-0. 

[427] J. Zhang, S.-H. Yu, Carbon dots: large-scale synthesis, sensing and bioimaging, Mater. 

Today. 19 (2016) 382–393. https://doi.org/10.1016/j.mattod.2015.11.008. 

[428] S.K. Kailasa, C.M. Hussain, Carbon Dots in Analytical Chemistry: Detection and 

Imaging, 2022. https://doi.org/10.1016/C2021-0-01017-8. 

[429] A. Nair, J.T. Haponiuk, S. Thomas, S. Gopi, Natural carbon-based quantum dots and 

their applications in drug delivery: A review, Biomed. Pharmacother. 132 (2020) 

110834. https://doi.org/10.1016/j.biopha.2020.110834. 

[430] M. Algarra, M. Pérez-Martín, M. Cifuentes-Rueda, J. Jiménez-Jiménez, J.C.G. Esteves 

da Silva, T.J. Bandosz, E. Rodríguez-Castellón, J.T. López Navarrete, J. Casado, 

Carbon dots obtained using hydrothermal treatment of formaldehyde. Cell imaging in 

vitro, Nanoscale. 6 (2014) 9071–9077. https://doi.org/10.1039/C4NR01585A. 

[431] H. Shi, J. Wei, L. Qiang, X. Chen, X. Meng, Fluorescent Carbon Dots for Bioimaging 

and Biosensing Applications, J. Biomed. Nanotechnol. 10 (2014) 2677–2699. 

https://doi.org/10.1166/jbn.2014.1881. 

[432] A.H. Loo, Z. Sofer, D. Bouša, P. Ulbrich, A. Bonanni, M. Pumera, Carboxylic Carbon 

Quantum Dots as a Fluorescent Sensing Platform for DNA Detection, ACS Appl. 

Mater. Interfaces. 8 (2016) 1951–1957. https://doi.org/10.1021/acsami.5b10160. 

[433] H. Liu, Y. Zhang, C. Huang, Development of nitrogen and sulfur-doped carbon dots 

for cellular imaging, J. Pharm. Anal. 9 (2019) 127–132. 

https://doi.org/10.1016/j.jpha.2018.10.001. 

[434] H. Li, X. Yan, D. Kong, R. Jin, C. Sun, D. Du, Y. Lin, G. Lu, Recent advances in 

carbon dots for bioimaging applications, Nanoscale Horizons. 5 (2020) 218–234. 

https://doi.org/10.1039/C9NH00476A. 

[435] H. Sun, L. Wu, W. Wei, X. Qu, Recent advances in graphene quantum dots for 

sensing, Mater. Today. 16 (2013) 433–442. 

https://doi.org/10.1016/j.mattod.2013.10.020. 

[436] W. Chen, W. Weng, X. Niu, X. Li, Y. Men, W. Sun, G. Li, L. Dong, Boron-doped 

Graphene quantum dots modified electrode for electrochemistry and electrocatalysis of 

hemoglobin, J. Electroanal. Chem. 823 (2018) 137–145. 

https://doi.org/10.1016/j.jelechem.2018.06.001. 

[437] H.N. Abdelhamid, Carbon dots-based fluorescence spectroscopy for metal ion sensing, 

in: Carbon Dots Anal. Chem., Elsevier, 2023: pp. 87–96. 

https://doi.org/10.1016/B978-0-323-98350-1.00025-6. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


81 
 

[438] M. Zulfajri, H.N. Abdelhamid, S. Sudewi, S. Dayalan, A. Rasool, A. Habib, G.G. 

Huang, Plant Part-Derived Carbon Dots for Biosensing, Biosensors. 10 (2020) 68. 

https://doi.org/10.3390/bios10060068. 

[439] A.S. Rasal, S. Yadav, A. Yadav, A.A. Kashale, S.T. Manjunatha, A. Altaee, J.-Y. 

Chang, Carbon Quantum Dots for Energy Applications: A Review, ACS Appl. Nano 

Mater. 4 (2021) 6515–6541. https://doi.org/10.1021/acsanm.1c01372. 

[440] Z. Feng, K.H. Adolfsson, Y. Xu, H. Fang, M. Hakkarainen, M. Wu, Carbon 

dot/polymer nanocomposites: From green synthesis to energy, environmental and 

biomedical applications, Sustain. Mater. Technol. 29 (2021) e00304. 

https://doi.org/10.1016/j.susmat.2021.e00304. 

[441] K.D. Patel, R.K. Singh, H.-W. Kim, Carbon-based nanomaterials as an emerging 

platform for theranostics, Mater. Horizons. 6 (2019) 434–469. 

https://doi.org/10.1039/C8MH00966J. 

[442] X. Xu, R. Ray, Y. Gu, H.J. Ploehn, L. Gearheart, K. Raker, W.A. Scrivens, 

Electrophoretic Analysis and Purification of Fluorescent Single-Walled Carbon 

Nanotube Fragments, J. Am. Chem. Soc. 126 (2004) 12736–12737. 

https://doi.org/10.1021/ja040082h. 

[443] H. Li, Z. Kang, Y. Liu, S.-T. Lee, Carbon nanodots: synthesis, properties and 

applications, J. Mater. Chem. 22 (2012) 24230. https://doi.org/10.1039/c2jm34690g. 

[444] J.C.G. Esteves da Silva, H.M.R. Gonçalves, Analytical and bioanalytical applications 

of carbon dots, TrAC Trends Anal. Chem. 30 (2011) 1327–1336. 

https://doi.org/10.1016/j.trac.2011.04.009. 

[445] K. Nekoueian, M. Amiri, M. Sillanpää, F. Marken, R. Boukherroub, S. Szunerits, 

Carbon-based quantum particles: an electroanalytical and biomedical perspective, 

Chem. Soc. Rev. 48 (2019) 4281–4316. https://doi.org/10.1039/C8CS00445E. 

[446] S. Campuzano, P. Yáñez-Sedeño, J.M. Pingarrón, Carbon Dots and Graphene 

Quantum Dots in Electrochemical Biosensing, Nanomaterials. 9 (2019) 634. 

https://doi.org/10.3390/nano9040634. 

[447] H.N. Abdelhamid, Carbon dots for electrochemical analytical methods, in: Carbon 

Dots Anal. Chem., Elsevier, 2023: pp. 77–86. https://doi.org/10.1016/B978-0-323-

98350-1.00023-2. 

[448] E. Martínez-Periñán, I. Bravo, S.J. Rowley-Neale, E. Lorenzo, C.E. Banks, Carbon 

Nanodots as Electrocatalysts towards the Oxygen Reduction Reaction, Electroanalysis. 

30 (2018) 436–444. https://doi.org/10.1002/elan.201700718. 

[449] H. Li, L. Chen, H. Wu, H. He, Y. Jin, Ionic Liquid-Functionalized Fluorescent Carbon 

Nanodots and Their Applications in Electrocatalysis, Biosensing, and Cell Imaging, 

Langmuir. 30 (2014) 15016–15021. https://doi.org/10.1021/la503729v. 

[450] H. Ji, F. Zhou, J. Gu, C. Shu, K. Xi, X. Jia, Nitrogen-Doped Carbon Dots as A New 

Substrate for Sensitive Glucose Determination, Sensors. 16 (2016) 630. 

https://doi.org/10.3390/s16050630. 

[451] W. Zheng, H. Wu, Y. Jiang, J. Xu, X. Li, W. Zhang, F. Qiu, A molecularly-imprinted-

electrochemical-sensor modified with nano-carbon-dots with high sensitivity and 

selectivity for rapid determination of glucose, Anal. Biochem. 555 (2018) 42–49. 

https://doi.org/10.1016/j.ab.2018.06.004. 

[452] Y. Wang, Z. Wang, Y. Rui, M. Li, Horseradish peroxidase immobilization on carbon 

nanodots/CoFe layered double hydroxides: Direct electrochemistry and hydrogen 

peroxide sensing, Biosens. Bioelectron. 64 (2015) 57–62. 

https://doi.org/10.1016/j.bios.2014.08.054. 

[453] Q. Huang, S. Hu, H. Zhang, J. Chen, Y. He, F. Li, W. Weng, J. Ni, X. Bao, Y. Lin, 

Carbon dots and chitosan composite film based biosensor for the sensitive and 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


82 
 

selective determination of dopamine, Analyst. 138 (2013) 5417. 

https://doi.org/10.1039/c3an00510k. 

[454] L. Zhang, Y. Han, J. Zhu, Y. Zhai, S. Dong, Simple and Sensitive Fluorescent and 

Electrochemical Trinitrotoluene Sensors Based on Aqueous Carbon Dots, Anal. Chem. 

87 (2015) 2033–2036. https://doi.org/10.1021/ac5043686. 

[455] X. Lu, X. Wang, J. Jin, Q. Zhang, J. Chen, Electrochemical biosensing platform based 

on amino acid ionic liquid functionalized graphene for ultrasensitive biosensing 

applications, Biosens. Bioelectron. 62 (2014) 134–139. 

https://doi.org/10.1016/j.bios.2014.06.036. 

[456] J. Zhou, X. Shan, J. Ma, Y. Gu, Z. Qian, J. Chen, H. Feng, Facile synthesis of P-doped 

carbon quantum dots with highly efficient photoluminescence, RSC Adv. 4 (2014) 

5465. https://doi.org/10.1039/c3ra45294h. 

[457] X. Teng, C. Ma, C. Ge, M. Yan, J. Yang, Y. Zhang, P.C. Morais, H. Bi, Green 

synthesis of nitrogen-doped carbon dots from konjac flour with “off–on” fluorescence 

by Fe3+ and l-lysine for bioimaging, J. Mater. Chem. B. 2 (2014) 4631. 

https://doi.org/10.1039/c4tb00368c. 

[458] D. Hong, X. Deng, J. Liang, J. Li, Y. Tao, K. Tan, One-step hydrothermal synthesis of 

down/up-conversion luminescence F-doped carbon quantum dots for label-free 

detection of Fe3+, Microchem. J. 151 (2019) 104217. 

https://doi.org/10.1016/j.microc.2019.104217. 

[459] F. Wang, Q. Hao, Y. Zhang, Y. Xu, W. Lei, Fluorescence quenchometric method for 

determination of ferric ion using boron-doped carbon dots, Microchim. Acta. 183 

(2016) 273–279. https://doi.org/10.1007/s00604-015-1650-1. 

[460] Y. Sun, C. Shen, J. Wang, Y. Lu, Facile synthesis of biocompatible N, S-doped carbon 

dots for cell imaging and ion detecting, RSC Adv. 5 (2015) 16368–16375. 

https://doi.org/10.1039/C4RA13820A. 

[461] X. Qie, M. Zan, P. Miao, L. Li, Z. Chang, M. Ge, P. Gui, Y. Tang, W.-F. Dong, One-

step synthesis of nitrogen, sulfur co-doped carbon nanodots and application for Fe 3+ 

detection, J. Mater. Chem. B. 6 (2018) 3549–3554. 

https://doi.org/10.1039/C8TB00193F. 

[462] Y. Zhang, H. Qin, Y. Huang, F. Zhang, H. Liu, H. Liu, Z.J. Wang, R. Li, Highly 

fluorescent nitrogen and boron doped carbon quantum dots for selective and sensitive 

detection of Fe 3+, J. Mater. Chem. B. 9 (2021) 4654–4662. 

https://doi.org/10.1039/D1TB00371B. 

[463] S. Zhu, Q. Meng, L. Wang, J. Zhang, Y. Song, H. Jin, K. Zhang, H. Sun, H. Wang, B. 

Yang, Highly Photoluminescent Carbon Dots for Multicolor Patterning, Sensors, and 

Bioimaging, Angew. Chemie. 125 (2013) 4045–4049. 

https://doi.org/10.1002/ange.201300519. 

[464] A. Sachdev, P. Gopinath, Green synthesis of multifunctional carbon dots from 

coriander leaves and their potential application as antioxidants, sensors and bioimaging 

agents, Analyst. 140 (2015) 4260–4269. https://doi.org/10.1039/C5AN00454C. 

[465] T.T. Meiling, R. Schürmann, S. Vogel, K. Ebel, C. Nicolas, A.R. Milosavljević, I. 

Bald, Photophysics and Chemistry of Nitrogen-Doped Carbon Nanodots with High 

Photoluminescence Quantum Yield, J. Phys. Chem. C. 122 (2018) 10217–10230. 

https://doi.org/10.1021/acs.jpcc.8b00748. 

[466] X. Sun, Y. Lei, Fluorescent carbon dots and their sensing applications, TrAC Trends 

Anal. Chem. 89 (2017) 163–180. https://doi.org/10.1016/j.trac.2017.02.001. 

[467] C. Hu, M. Li, J. Qiu, Y.-P. Sun, Design and fabrication of carbon dots for energy 

conversion and storage, Chem. Soc. Rev. 48 (2019) 2315–2337. 

https://doi.org/10.1039/C8CS00750K. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


83 
 

[468] Y. Dong, H. Pang, H. Bin Yang, C. Guo, J. Shao, Y. Chi, C.M. Li, T. Yu, Carbon-

based dots co-doped with nitrogen and sulfur for high quantum yield and excitation-

independent emission., Angew. Chem. Int. Ed. Engl. 52 (2013) 7800–4. 

https://doi.org/10.1002/anie.201301114. 

[469] M. Saraf, M. Tavakkoli Yaraki, Prateek, Y.N. Tan, R.K. Gupta, Insights and 

Perspectives Regarding Nanostructured Fluorescent Materials toward Tackling 

COVID-19 and Future Pandemics, ACS Appl. Nano Mater. 4 (2021) 911–948. 

https://doi.org/10.1021/acsanm.0c02945. 

[470] J. Belza, A. Opletalová, K. Poláková, Carbon dots for virus detection and therapy, 

Microchim. Acta. 188 (2021) 430. https://doi.org/10.1007/s00604-021-05076-6. 

[471] H.M. Junaid, A.R. Solangi, M. Batool, Carbon dots as naked eye sensors, Analyst. 146 

(2021) 2463–2474. https://doi.org/10.1039/D0AN02399J. 

[472] Y. Liu, Y. Liu, S.-J. Park, Y. Zhang, T. Kim, S. Chae, M. Park, H.-Y. Kim, One-step 

synthesis of robust nitrogen-doped carbon dots: acid-evoked fluorescence 

enhancement and their application in Fe 3+ detection, J. Mater. Chem. A. 3 (2015) 

17747–17754. https://doi.org/10.1039/C5TA05189D. 

[473] H.N. Abdelhamid, H.-F. Wu, Synthesis of a highly dispersive sinapinic 

acid@graphene oxide (SA@GO) and its applications as a novel surface assisted laser 

desorption/ionization mass spectrometry for proteomics and pathogenic bacteria 

biosensing, Analyst. 140 (2015) 1555–1565. 

[474] H. Nasser Abdelhamid, B.-S. Wu, H.-F. Wu, Graphene coated silica applied for high 

ionization matrix assisted laser desorption/ionization mass spectrometry: A novel 

approach for environmental and biomolecule analysis., Talanta. 126 (2014) 27–37. 

https://doi.org/10.1016/j.talanta.2014.03.016. 

[475] H.N. Abdelhamid, H.-F. Wu, Ultrasensitive, Rapid, and Selective Detection of 

Mercury Using Graphene Assisted Laser Desorption/Ionization Mass Spectrometry, J. 

Am. Soc. Mass Spectrom. 25 (2014) 861–868. https://doi.org/10.1007/s13361-014-

0825-z. 

[476] P.-Y. Hua, M. Manikandan, H.N. Abdelhamid, H.-F. Wu, Graphene nanoflakes as an 

efficient ionizing matrix for MALDI-MS based lipidomics of cancer cells and cancer 

stem cells, J. Mater. Chem. B. 2 (2014) 7334–7343. 

[477] H.N. Abdelhamid, H.-F. Wu, A method to detect metal-drug complexes and their 

interactions with pathogenic bacteria via graphene nanosheet assist laser 

desorption/ionization mass spectrometry and biosensors., Anal. Chim. Acta. 751 

(2012) 94–104. https://doi.org/10.1016/j.aca.2012.09.012. 

[478] K.H. Hussein, H.N. Abdelhamid, X. Zou, H.-M. Woo, Ultrasonicated graphene oxide 

enhances bone and skin wound regeneration, Mater. Sci. Eng. C. 94 (2019) 484–492. 

https://doi.org/10.1016/j.msec.2018.09.051. 

[479] M. Shahnawaz Khan, H.N. Abdelhamid, H.-F. Wu, Near infrared (NIR) laser mediated 

surface activation of graphene oxide nanoflakes for efficient antibacterial, antifungal 

and wound healing treatment., Colloids Surf. B. Biointerfaces. 127C (2015) 281–291. 

https://doi.org/10.1016/j.colsurfb.2014.12.049. 

[480] H.N. Abdelhamid, M.S. Khan, H.F. Wu, Graphene oxide as a nanocarrier for 

gramicidin (GOGD) for high antibacterial performance, RSC Adv. 4 (2014) 50035–

50046. https://doi.org/10.1039/c4ra07250b. 

[481] M. Soliman, A.A. Sadek, H.N. Abdelhamid, K. Hussein, Graphene oxide-cellulose 

nanocomposite accelerates skin wound healing, Res. Vet. Sci. 137 (2021) 262–273. 

https://doi.org/10.1016/j.rvsc.2021.05.013. 

[482] A.A. Sadek, M. Abd-Elkareem, H.N. Abdelhamid, S. Moustafa, K. Hussein, Repair of 

critical-sized bone defects in rabbit femurs using graphitic carbon nitride (g-C3N4) 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


84 
 

and graphene oxide (GO) nanomaterials, Sci. Rep. 13 (2023) 5404. 

https://doi.org/10.1038/s41598-023-32487-7. 

[483] H.N. Abdelhamid, H.-F. Wu, Graphene and Its Derivatives as Platforms for MALDI-

MS, in: Tobias Stauber (Ed.), Handb. GRAPHENE 2, Vol. 2 Physics, Chem. Biol., 

Scrivener Publishing, 2019: pp. 273–290. 

[484] H.N. Abdelhamid, M.L. Bhaisare, H.-F. Wu, Ceria nanocubic-ultrasonication assisted 

dispersive liquid-liquid microextraction coupled with matrix assisted laser 

desorption/ionization mass spectrometry for pathogenic bacteria analysis., Talanta. 120 

(2014) 208–17. https://doi.org/10.1016/j.talanta.2013.11.078. 

[485] M.L. Bhaisare, H.N. Abdelhamid, B.-S. Wu, H.-F. Wu, Rapid and direct MALDI-MS 

identification of pathogenic bacteria from blood using ionic liquid-modified magnetic 

nanoparticles (Fe3O4@SiO2), J. Mater. Chem. B. 2 (2014) 4671–4683. 

https://doi.org/10.1039/C4TB00528G. 

[486] H.N. Abdelhamid, H.-F. Wu, Multifunctional graphene magnetic nanosheet decorated 

with chitosan for highly sensitive detection of pathogenic bacteria, J. Mater. Chem. B. 

1 (2013) 3950–3961. https://doi.org/10.1039/c3tb20413h. 

[487] J. Gopal, H.N. Abdelhamid, P.-Y. Hua, H.-F. Wu, Chitosan nanomagnets for effective 

extraction and sensitive mass spectrometric detection of pathogenic bacterial 

endotoxin from human urine, J. Mater. Chem. B. 1 (2013) 2463. 

https://doi.org/10.1039/c3tb20079e. 

[488] G. Gedda, H.N. Abdelhamid, M.S. Khan, H.-F. Wu, ZnO nanoparticle-modified 

polymethyl methacrylate-assisted dispersive liquid–liquid microextraction coupled 

with MALDI-MS for rapid pathogenic bacteria analysis, RSC Adv. 4 (2014) 45973–

45983. https://doi.org/10.1039/C4RA03391D. 

[489] B.-S. Wu, H.N. Abdelhamid, H.-F. Wu, Synthesis and antibacterial activities of 

graphene decorated with stannous dioxide, RSC Adv. 4 (2014) 3722. 

https://doi.org/10.1039/c3ra43992e. 

[490] A.S. Etman, H.N. Abdelhamid, Y. Yuan, L. Wang, X. Zou, J. Sun, Facile Water-Based 

Strategy for Synthesizing MoO3– x Nanosheets: Efficient Visible Light Photocatalysts 

for Dye Degradation, ACS Omega. 3 (2018) 2193–2201. 

https://doi.org/10.1021/acsomega.8b00012. 

[491] H.N. Abdelhamid, Laser Assisted Synthesis, Imaging and Cancer Therapy of Magnetic 

Nanoparticles, Mater. Focus. 5 (2016) 305–323. 

https://doi.org/10.1166/mat.2016.1336. 

[492] H.N. Abdelhamid, Delafossite Nanoparticle as New Functional Materials: Advances in 

Energy, Nanomedicine and Environmental Applications, Mater. Sci. Forum. 832 

(2015) 28–53. https://doi.org/10.4028/www.scientific.net/MSF.832.28. 

[493] U.B. Demirci, P. Miele, Cobalt-based catalysts for the hydrolysis of NaBH4 and 

NH3BH3, Phys. Chem. Chem. Phys. 16 (2014) 6872. 

https://doi.org/10.1039/c4cp00250d. 

[494] H.I. Schlesinger, H.C. Brown, A.E. Finholt, J.R. Gilbreath, H.R. Hoekstra, E.K. Hyde, 

Sodium Borohydride, Its Hydrolysis and its Use as a Reducing Agent and in the 

Generation of Hydrogen 1, J. Am. Chem. Soc. 75 (1953) 215–219. 

https://doi.org/10.1021/ja01097a057. 

[495] U.B. Demirci, O. Akdim, J. Hannauer, R. Chamoun, P. Miele, Cobalt, a reactive metal 

in releasing hydrogen from sodium borohydride by hydrolysis: A short review and a 

research perspective, Sci. China Chem. 53 (2010) 1870–1879. 

https://doi.org/10.1007/s11426-010-4081-1. 

[496] B.M. Abu-Zied, K.A. Alamry, Green synthesis of 3D hierarchical nanostructured 

Co3O4/carbon catalysts for the application in sodium borohydride hydrolysis, J. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


85 
 

Alloys Compd. 798 (2019) 820–831. https://doi.org/10.1016/j.jallcom.2019.05.249. 

[497] J. Li, X. Hong, Y. Wang, Y. Luo, P. Huang, B. Li, K. Zhang, Y. Zou, L. Sun, F. Xu, F. 

Rosei, S.P. Verevkin, A.A. Pimerzin, Encapsulated cobalt nanoparticles as a 

recoverable catalyst for the hydrolysis of sodium borohydride, Energy Storage Mater. 

27 (2020) 187–197. https://doi.org/10.1016/j.ensm.2020.01.011. 

[498] A. Didehban, M. Zabihi, J.R. Shahrouzi, Experimental studies on the catalytic 

behavior of alloy and core-shell supported Co-Ni bimetallic nano-catalysts for 

hydrogen generation by hydrolysis of sodium borohydride, Int. J. Hydrogen Energy. 

43 (2018) 20645–20660. https://doi.org/10.1016/j.ijhydene.2018.09.127. 

[499] M. Aydin, A. Hasimoglu, O.K. Ozdemir, Kinetic properties of Cobalt–Titanium–

Boride (Co–Ti–B) catalysts for sodium borohydride hydrolysis reaction, Int. J. 

Hydrogen Energy. 41 (2016) 239–248. https://doi.org/10.1016/j.ijhydene.2015.09.105. 

[500] X.-L. Ding, X. Yuan, C. Jia, Z.-F. Ma, Hydrogen generation from catalytic hydrolysis 

of sodium borohydride solution using Cobalt–Copper–Boride (Co–Cu–B) catalysts, 

Int. J. Hydrogen Energy. 35 (2010) 11077–11084. 

https://doi.org/10.1016/j.ijhydene.2010.07.030. 

[501] M.H. Loghmani, A.F. Shojaei, Hydrogen production through hydrolysis of sodium 

borohydride: Oleic acid stabilized Co–La–Zr–B nanoparticle as a novel catalyst, 

Energy. 68 (2014) 152–159. https://doi.org/10.1016/j.energy.2014.02.047. 

[502] M. Rakap, E.E. Kalu, S. Özkar, Cobalt–nickel–phosphorus supported on Pd-activated 

TiO2 (Co–Ni–P/Pd-TiO2) as cost-effective and reusable catalyst for hydrogen 

generation from hydrolysis of alkaline sodium borohydride solution, J. Alloys Compd. 

509 (2011) 7016–7021. https://doi.org/10.1016/j.jallcom.2011.04.023. 

[503] N.A. Althubiti, T.A. Taha, A.A. Azab, H.N. Abdelhamid, ZnO-based nanocomposites 

for hydrogen generation via hydrolysis of Borohydride, J. Sol-Gel Sci. Technol. 

(2023). https://doi.org/10.1007/s10971-023-06099-6. 

[504] O. V. Netskina, A.A. Pochtar, O. V. Komova, V.I. Simagina, Solid-State NaBH4 

Composites as Hydrogen Generation Material: Effect of Thermal Treatment of a 

Catalyst Precursor on the Hydrogen Generation Rate, Catalysts. 10 (2020) 201. 

https://doi.org/10.3390/catal10020201. 

[505] O.V. Netskina, E.S. Tayban, I.P. Prosvirin, O.V. Komova, V.I. Simagina, Hydrogen 

storage systems based on solid-state NaBH4/Co composite: Effect of catalyst precursor 

on hydrogen generation rate, Renew. Energy. 151 (2020) 278–285. 

https://doi.org/10.1016/j.renene.2019.11.031. 

[506] O. Netskina, E. Tayban, A. Ozerova, O. Komova, V. Simagina, Solid-State NaBH4/Co 

Composite as Hydrogen Storage Material: Effect of the Pressing Pressure on Hydrogen 

Generation Rate, Energies. 12 (2019) 1184. https://doi.org/10.3390/en12071184. 

[507] X. Wang, J. Liao, H. Li, H. Wang, R. Wang, Solid-state-reaction synthesis of cotton-

like CoB alloy at room temperature as a catalyst for hydrogen generation, J. Colloid 

Interface Sci. 475 (2016) 149–153. https://doi.org/10.1016/j.jcis.2016.04.033. 

[508] X. Wang, J. Liao, H. Li, H. Wang, R. Wang, Preparation of pompon-like Co-B 

nanoalloy by a room-temperature solid-state-reaction as a catalyst for hydrolysis of 

borohydride solution, Int. J. Hydrogen Energy. 42 (2017) 6646–6656. 

https://doi.org/10.1016/j.ijhydene.2016.12.032. 

[509] B. Coşkuner Filiz, A. Kantürk Figen, Insight into the role of solvents in enhancing 

hydrogen production: Ru-Co nanoparticles catalyzed sodium borohydride 

dehydrogenation, Int. J. Hydrogen Energy. 44 (2019) 28471–28482. 

https://doi.org/10.1016/j.ijhydene.2019.01.038. 

[510] H. Inokawa, H. Driss, F. Trovela, H. Miyaoka, T. Ichikawa, Y. Kojima, S.F. Zaman, 

A. Al-Zahrani, Y. Alhamed, L. Petrov, Catalytic hydrolysis of sodium borohydride on 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


86 
 

Co catalysts, Int. J. Energy Res. 40 (2016) 2078–2090. https://doi.org/10.1002/er.3582. 

[511] D. Kılınç, Ö. Şahı̇n, C. Saka, Salicylaldimine-Ni complex supported on Al2O3: Highly 

efficient catalyst for hydrogen production from hydrolysis of sodium borohydride, Int. 

J. Hydrogen Energy. 43 (2018) 251–261. 

https://doi.org/10.1016/j.ijhydene.2017.10.151. 

[512] D. Kılınç, Ö. Şahin, Synthesis of polymer supported Ni (II)-Schiff Base complex and 

its usage as a catalyst in sodium borohydride hydrolysis, Int. J. Hydrogen Energy. 43 

(2018) 10717–10727. https://doi.org/10.1016/j.ijhydene.2018.02.023. 

[513] P. Tignol, U.B. Demirci, Nickel-based catalysts for hydrogen evolution by hydrolysis 

of sodium borohydride: from structured nickel hydrazine nitrate complexes to reduced 

counterparts, Int. J. Hydrogen Energy. 44 (2019) 14207–14216. 

https://doi.org/10.1016/j.ijhydene.2018.10.147. 

[514] H. Sun, J. Meng, L. Jiao, F. Cheng, J. Chen, A review of transition-metal 

boride/phosphide-based materials for catalytic hydrogen generation from hydrolysis of 

boron-hydrides, Inorg. Chem. Front. 5 (2018) 760–772. 

https://doi.org/10.1039/C8QI00044A. 

[515] S. Demirci, N. Sahiner, Superior reusability of metal catalysts prepared within 

poly(ethylene imine) microgels for H2 production from NaBH4 hydrolysis, Fuel 

Process. Technol. 127 (2014) 88–96. https://doi.org/10.1016/j.fuproc.2014.06.013. 

[516] D. Kılınç, Ö. Şahin, Effective TiO2 supported Cu-Complex catalyst in NaBH4 

hydrolysis reaction to hydrogen generation, Int. J. Hydrogen Energy. 44 (2019) 

18858–18865. https://doi.org/10.1016/j.ijhydene.2018.12.225. 

[517] Y. Wang, Y. Shen, K. Qi, Z. Cao, K. Zhang, S. Wu, Nanostructured cobalt–

phosphorous catalysts for hydrogen generation from hydrolysis of sodium borohydride 

solution, Renew. Energy. 89 (2016) 285–294. 

https://doi.org/10.1016/j.renene.2015.12.026. 

[518] Y. Wang, G. Li, S. Wu, Y. Wei, W. Meng, Y. Xie, Y. Cui, X. Lian, Y. Chen, X. 

Zhang, Hydrogen generation from alkaline NaBH4 solution using nanostructured Co–

Ni–P catalysts, Int. J. Hydrogen Energy. 42 (2017) 16529–16537. 

https://doi.org/10.1016/j.ijhydene.2017.05.034. 

[519] R. Chamoun, U.B. Demirci, Y. Zaatar, A. Khoury, P. Miele, Co-αAl2O3-Cu as shaped 

catalyst in NaBH4 hydrolysis, Int. J. Hydrogen Energy. 35 (2010) 6583–6591. 

https://doi.org/10.1016/j.ijhydene.2010.04.107. 

[520] D. Prasad, K.N. Patil, N. Sandhya, C.R. Chaitra, J.T. Bhanushali, A.K. Samal, R.S. 

Keri, A.H. Jadhav, B.M. Nagaraja, Highly efficient hydrogen production by hydrolysis 

of NaBH4 using eminently competent recyclable Fe2O3 decorated oxidized MWCNTs 

robust catalyst, Appl. Surf. Sci. 489 (2019) 538–551. 

https://doi.org/10.1016/j.apsusc.2019.06.041. 

[521] M. Mostajeran, V. Prévot, S.S. Mal, E. Mattiussi, B.R. Davis, R.T. Baker, Base-metal 

catalysts based on porous layered double hydroxides for alkaline-free sodium 

borohydride hydrolysis, Int. J. Hydrogen Energy. 42 (2017) 20092–20102. 

https://doi.org/10.1016/j.ijhydene.2017.06.007. 

[522] Ö. Şahin, M.S. İzgi, E. Onat, C. Saka, Influence of the using of methanol instead of 

water in the preparation of Co–B–TiO 2 catalyst for hydrogen production by NaBH 4 

hydrolysis and plasma treatment effect on the Co–B–TiO 2 catalyst, Int. J. Hydrogen 

Energy. 41 (2016) 2539–2546. https://doi.org/10.1016/j.ijhydene.2015.11.094. 

[523] C. Xiang, D. Jiang, Z. She, Y. Zou, H. Chu, S. Qiu, H. Zhang, F. Xu, C. Tang, L. Sun, 

Hydrogen generation by hydrolysis of alkaline sodium borohydride using a cobalt–

zinc–boron/graphene nanocomposite treated with sodium hydroxide, Int. J. Hydrogen 

Energy. 40 (2015) 4111–4118. https://doi.org/10.1016/j.ijhydene.2015.01.145. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


87 
 

[524] Y.-J. Lee, Y.-S. Lee, H.A. Shin, Y.S. Jo, H. Jeong, H. Sohn, C.W. Yoon, Y. Kim, K.-

B. Kim, S.W. Nam, Surface area enhancement of nickel foam by low-temperature 

chemical alloying/dealloying and its application for sodium borohydride hydrolysis, J. 

Alloys Compd. 843 (2020) 155759. https://doi.org/10.1016/j.jallcom.2020.155759. 

[525] T. Ma, Y. Qiu, Y. Zhang, X. Ji, P.-A. Hu, Iron-Doped Ni 5 P 4 Ultrathin Nanoporous 

Nanosheets for Water Splitting and On-Demand Hydrogen Release via NaBH 4 

Hydrolysis, ACS Appl. Nano Mater. 2 (2019) 3091–3099. 

https://doi.org/10.1021/acsanm.9b00441. 

[526] C. Yue, P. Yang, J. Wang, X. Zhao, Y. Wang, L. Yang, Facile synthesis and 

characterization of nano-Pd loaded NiCo microfibers as stable catalysts for hydrogen 

generation from sodium borohydride, Chem. Phys. Lett. 743 (2020) 137170. 

https://doi.org/10.1016/j.cplett.2020.137170. 

[527] F. Duman, M.R. Atelge, M. Kaya, A.E. Atabani, G. Kumar, U. Sahin, S. Unalan, A 

novel Microcystis aeruginosa supported manganese catalyst for hydrogen generation 

through methanolysis of sodium borohydride, Int. J. Hydrogen Energy. (2020). 

https://doi.org/10.1016/j.ijhydene.2020.01.068. 

[528] E. Inger, Can fool’s gold “pyrite” become real gold as a catalyst for clean-energy H2 

production?, Int. J. Hydrogen Energy. 44 (2019) 32124–32135. 

https://doi.org/10.1016/j.ijhydene.2019.10.106. 

[529] A.H. Tamboli, S.W. Gosavi, C. Terashima, A. Fujishima, A.A. Pawar, H. Kim, 

Synthesis of cerium and nickel doped titanium nanofibers for hydrolysis of sodium 

borohydride, Chemosphere. 202 (2018) 669–676. 

https://doi.org/10.1016/j.chemosphere.2018.03.151. 

[530] H.N. Abdelhamid, Quantum dots hybrid systems for drug delivery, in: Hybrid 

Nanomater. Drug Deliv., Elsevier, 2022: pp. 323–338. https://doi.org/10.1016/B978-0-

323-85754-3.00013-7. 

[531] H.N. Abdelhamid, H.-F. Wu, Selective biosensing of Staphylococcus aureus using 

chitosan quantum dots, Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 188 (2018) 

50–56. https://doi.org/10.1016/j.saa.2017.06.047. 

[532] Z.-Y. Chen, H.N. Abdelhamid, H.-F. Wu, Effect of surface capping of quantum dots 

(CdTe) on proteomics., Rapid Commun. Mass Spectrom. 30 (2016) 1403–1412. 

https://doi.org/10.1002/rcm.7575. 

[533] H.-F. Wu, J. Gopal, H.N. Abdelhamid, N. Hasan, Quantum dot applications endowing 

novelty to analytical proteomics, Proteomics. 12 (2012) 2949–2961. 

https://doi.org/10.1002/pmic.201200295. 

[534] H.N. Abdelhamid, Z.-Y. Chen, H.-F. Wu, Surface tuning laser desorption/ionization 

mass spectrometry (STLDI-MS) for the analysis of small molecules using quantum 

dots, Anal. Bioanal. Chem. 409 (2017) 4943–4950. https://doi.org/10.1007/s00216-

017-0433-4. 

[535] H.N. Abdelhamid, H.-F. Wu, Synthesis and characterization of quantum dots for 

application in laser soft desorption/ionization mass spectrometry to detect labile metal–

drug interactions and their antibacterial activity, RSC Adv. 5 (2015) 76107–76115. 

https://doi.org/10.1039/C5RA11301F. 

[536] H.N. Abdelhamid, H.-F. Wu, Synthesis and multifunctional applications of quantum 

nanobeads for label-free and selective metal chemosensing, RSC Adv. 5 (2015) 

50494–50504. https://doi.org/10.1039/C5RA07069D. 

[537] F. K. Algethami, I. Saidi, H. Ben Jannet, M. Khairy, B.Y. Abdulkhair, Y.O. Al-

Ghamdi, H.N. Abdelhamid, Chitosan-CdS Quantum Dots Biohybrid for Highly 

Selective Interaction with Copper(II) Ions, ACS Omega. (2022). 

https://doi.org/10.1021/acsomega.2c01793. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


88 
 

[538] H.N. Abdelhamid, F.K. Algethami, I. Saidi, H. Ben Jannet, M. Khairy, B.Y. 

Abdulkhair, Y.O. Al-Ghamdi, Selective Naked-eyes Chemosensing of Cu2+ ions 

using Chitosan-CdS Quantum Dots Biohybrid, ChemRxiv. Cambridge Cambridge 

Open Engag. 2022; (2022). https://doi.org/10.26434/CHEMRXIV-2022-P92XT. 

[539] H.N. Abdelhamid, H.-F. Wu, Probing the interactions of chitosan capped CdS 

quantum dots with pathogenic bacteria and their biosensing application, J. Mater. 

Chem. B. 1 (2013) 6094. https://doi.org/10.1039/c3tb21020k. 

[540] H.N. Abdelhamid, H.M. El-Bery, A.A. Metwally, M. Elshazly, R.M. Hathout, 

Synthesis of CdS-modified chitosan quantum dots for the drug delivery of Sesamol, 

Carbohydr. Polym. 214 (2019) 90–99. https://doi.org/10.1016/j.carbpol.2019.03.024. 

[541] H.N. Abdelhamid, Polysaccharides for biomedical implants, in: Plant Polysaccharides 

as Pharm. Excipients, Elsevier, 2023: pp. 533–544. https://doi.org/10.1016/B978-0-

323-90780-4.00015-2. 

[542] A.K. Nayak, M.S. Hasnain, D. Pal, H.N. Abdelhamid, Plant Polysaccharides as 

Pharmaceutical Excipients, Elsevier, 2023. https://doi.org/10.1016/C2020-0-03919-8. 

[543] H.N. Abdelhamid, Self-decontaminating antimicrobial textiles, in: Antimicrob. Text. 

from Nat. Resour., Elsevier, 2021: pp. 259–294. https://doi.org/10.1016/B978-0-12-

821485-5.00011-1. 

[544] S. Rahimi, M. Moradi, Photo-induced antimicrobial agents for textile applications, in: 

Antimicrob. Text. from Nat. Resour., Elsevier, 2021: pp. 217–258. 

https://doi.org/10.1016/B978-0-12-821485-5.00015-9. 

[545] H.N. Abdelhmaid, Antimicrobial Textiles from Natural Resources, n.d. 

[546] Abdelhamid, H.N.;Sougata Jana; Subrata Jana, Alginate Biomaterial, Springer Nature 

Singapore, Singapore, 2023. https://doi.org/10.1007/978-981-19-6937-9. 

[547] N. Fijoł, H.N. Abdelhamid, B. Pillai, S.A. Hall, N. Thomas, A.P. Mathew, 3D-printed 

monolithic biofilters based on a polylactic acid (PLA) – hydroxyapatite (HAp) 

composite for heavy metal removal from an aqueous medium, RSC Adv. 11 (2021) 

32408–32418. https://doi.org/10.1039/D1RA05202K. 

[548] D. Klemm, B. Heublein, H.-P. Fink, A. Bohn, Cellulose: Fascinating Biopolymer and 

Sustainable Raw Material, Angew. Chemie Int. Ed. 44 (2005) 3358–3393. 

https://doi.org/10.1002/anie.200460587. 

[549] D. Klemm, F. Kramer, S. Moritz, T. Lindström, M. Ankerfors, D. Gray, A. Dorris, 

Nanocelluloses: A New Family of Nature-Based Materials, Angew. Chemie Int. Ed. 50 

(2011) 5438–5466. https://doi.org/10.1002/anie.201001273. 

[550] W.K. Czaja, D.J. Young, M. Kawecki, R.M. Brown, The Future Prospects of 

Microbial Cellulose in Biomedical Applications, Biomacromolecules. 8 (2007) 1–12. 

https://doi.org/10.1021/bm060620d. 

[551] M. Kaushik, A. Moores, Review: nanocelluloses as versatile supports for metal 

nanoparticles and their applications in catalysis, Green Chem. 18 (2016) 622–637. 

https://doi.org/10.1039/C5GC02500A. 

[552] R.J. Moon, A. Martini, J. Nairn, J. Simonsen, J. Youngblood, Cellulose nanomaterials 

review: structure, properties and nanocomposites, Chem. Soc. Rev. 40 (2011) 3941. 

https://doi.org/10.1039/c0cs00108b. 

[553] E. Lam, U.D. Hemraz, Preparation and Surface Functionalization of Carboxylated 

Cellulose Nanocrystals, Nanomaterials. 11 (2021) 1641. 

https://doi.org/10.3390/nano11071641. 

[554] C. Calvino, N. Macke, R. Kato, S.J. Rowan, Development, processing and applications 

of bio-sourced cellulose nanocrystal composites, Prog. Polym. Sci. 103 (2020) 101221. 

https://doi.org/10.1016/j.progpolymsci.2020.101221. 

[555] P. Mali, A.P. Sherje, Cellulose nanocrystals: Fundamentals and biomedical 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


89 
 

applications, Carbohydr. Polym. 275 (2022) 118668. 

https://doi.org/10.1016/j.carbpol.2021.118668. 

[556] H. Yang, M.N. Alam, T.G.M. van de Ven, Highly charged nanocrystalline cellulose 

and dicarboxylated cellulose from periodate and chlorite oxidized cellulose fibers, 

Cellulose. 20 (2013) 1865–1875. https://doi.org/10.1007/s10570-013-9966-7. 

[557] M. Zaki, A.K. H.P.S., F.A. Sabaruddin, R.D. Bairwan, A.A. Oyekanmi, T. Alfatah, M. 

Danish, E.M. Mistar, C.K. Abdullah, Microbial treatment for nanocellulose extraction 

from marine algae and its applications as sustainable functional material, Bioresour. 

Technol. Reports. 16 (2021) 100811. https://doi.org/10.1016/j.biteb.2021.100811. 

[558] H.S. Hafid, F.N. Omar, J. Zhu, M. Wakisaka, Enhanced crystallinity and thermal 

properties of cellulose from rice husk using acid hydrolysis treatment, Carbohydr. 

Polym. 260 (2021) 117789. https://doi.org/10.1016/j.carbpol.2021.117789. 

[559] R.S. Baghel, C.R.K. Reddy, R.P. Singh, Seaweed-based cellulose: Applications, and 

future perspectives, Carbohydr. Polym. 267 (2021) 118241. 

https://doi.org/10.1016/j.carbpol.2021.118241. 

[560] E.S. Abdel-Halim, Chemical modification of cellulose extracted from sugarcane 

bagasse: Preparation of hydroxyethyl cellulose, Arab. J. Chem. 7 (2014) 362–371. 

https://doi.org/10.1016/j.arabjc.2013.05.006. 

[561] S. Dutta, J. Kim, Y. Ide, J. Ho Kim, M.S.A. Hossain, Y. Bando, Y. Yamauchi, K.C.-

W. Wu, 3D network of cellulose-based energy storage devices and related emerging 

applications, Mater. Horizons. 4 (2017) 522–545. 

https://doi.org/10.1039/C6MH00500D. 

[562] N. Grishkewich, N. Mohammed, J. Tang, K.C. Tam, Recent advances in the 

application of cellulose nanocrystals, Curr. Opin. Colloid Interface Sci. 29 (2017) 32–

45. https://doi.org/10.1016/j.cocis.2017.01.005. 

[563] D. Georgouvelas, H.N. Abdelhamid, J. Li, U. Edlund, A.P. Mathew, All-cellulose 

functional membranes for water treatment: Adsorption of metal ions and catalytic 

decolorization of dyes, Carbohydr. Polym. 264 (2021) 118044. 

https://doi.org/10.1016/j.carbpol.2021.118044. 

[564] H. Cheng, L. Lijie, B. Wang, X. Feng, Z. Mao, G.J. Vancso, X. Sui, Multifaceted 

applications of cellulosic porous materials in environment, energy, and health, Prog. 

Polym. Sci. 106 (2020) 101253. https://doi.org/10.1016/j.progpolymsci.2020.101253. 

[565] B.L. Pelegrini, F. Ré, M.M. de Oliveira, T. Fernandes, J.H. Oliveira, A.G. Oliveira 

Junior, E.M. Girotto, C. V. Nakamura, A.R. Sampaio, A. Valim, M.M. Souza Lima, 

Cellulose Nanocrystals as a Sustainable Raw Material: Cytotoxicity and Applications 

on Healthcare Technology, Macromol. Mater. Eng. 304 (2019) 1900092. 

https://doi.org/10.1002/mame.201900092. 

[566] P. Lv, X. Lu, L. Wang, W. Feng, Nanocellulose‐Based Functional Materials: From 

Chiral Photonics to Soft Actuator and Energy Storage, Adv. Funct. Mater. 31 (2021) 

2104991. https://doi.org/10.1002/adfm.202104991. 

[567] C. Chen, W. Ding, H. Zhang, L. Zhang, Y. Huang, M. Fan, J. Yang, D. Sun, Bacterial 

cellulose-based biomaterials: From fabrication to application, Carbohydr. Polym. 278 

(2022) 118995. https://doi.org/10.1016/j.carbpol.2021.118995. 

[568] A. Karimian, H. Parsian, M. Majidinia, M. Rahimi, S.M. Mir, H. Samadi Kafil, V. 

Shafiei-Irannejad, M. Kheyrollah, H. Ostadi, B. Yousefi, Nanocrystalline cellulose: 

Preparation, physicochemical properties, and applications in drug delivery systems, 

Int. J. Biol. Macromol. 133 (2019) 850–859. 

https://doi.org/10.1016/j.ijbiomac.2019.04.117. 

[569] H. Nasser Abdelhamid, A.P. Mathew, Cellulose-zeolitic imidazolate frameworks 

(CelloZIFs) for multifunctional environmental remediation: Adsorption and catalytic 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


90 
 

degradation, Chem. Eng. J. 426 (2021) 131733. 

https://doi.org/10.1016/j.cej.2021.131733. 

[570] H.N. Abdelhamid, A.P. Mathew, Cellulose-Based Materials for Water Remediation: 

Adsorption, Catalysis, and Antifouling, Front. Chem. Eng. 3 (2021) 790314. 

https://doi.org/10.3389/fceng.2021.790314. 

[571] H.N. Abdelhamid, A.P. Mathew, In-situ growth of zeolitic imidazolate frameworks 

into a cellulosic filter paper for the reduction of 4-nitrophenol, Carbohydr. Polym. 274 

(2021) 118657. https://doi.org/10.1016/j.carbpol.2021.118657. 

[572] J. Yang, J. Li, Self-assembled cellulose materials for biomedicine: A review, 

Carbohydr. Polym. 181 (2018) 264–274. 

https://doi.org/10.1016/j.carbpol.2017.10.067. 

[573] C. Agarwal, L. Csóka, Surface-modified cellulose in biomedical engineering, in: 

Mater. Biomed. Eng., Elsevier, 2019: pp. 215–261. https://doi.org/10.1016/B978-0-12-

818431-8.00007-6. 

[574] M. Ul-Islam, S. Khan, W.A. Khattak, M.W. Ullah, J.K. Park, Synthesis, Chemistry, 

and Medical Application of Bacterial Cellulose Nanocomposites, in: 2015: pp. 399–

437. https://doi.org/10.1007/978-81-322-2473-0_13. 

[575] P. Nehra, R.P. Chauhan, Eco-friendly nanocellulose and its biomedical applications: 

current status and future prospect, J. Biomater. Sci. Polym. Ed. 32 (2021) 112–149. 

https://doi.org/10.1080/09205063.2020.1817706. 

[576] O.C. Parvulescu, G. Isopencu, C. Busuioc, C. Raducanu, A. Mocanu, I. Deleanu, A. 

Stoica-Guzun, Antimicrobial bacterial cellulose composites as textile materials, in: 

Antimicrob. Text. from Nat. Resour., Elsevier, 2021: pp. 513–556. 

https://doi.org/10.1016/B978-0-12-821485-5.00013-5. 

[577] S. Ullah, X. Chen, Fabrication, applications and challenges of natural biomaterials in 

tissue engineering, Appl. Mater. Today. 20 (2020) 100656. 

https://doi.org/10.1016/j.apmt.2020.100656. 

[578] M. Jorfi, E.J. Foster, Recent advances in nanocellulose for biomedical applications, J. 

Appl. Polym. Sci. 132 (2015) n/a-n/a. https://doi.org/10.1002/app.41719. 

[579] W. Long, H. Ouyang, X. Hu, M. Liu, X. Zhang, Y. Feng, Y. Wei, State-of-art review 

on preparation, surface functionalization and biomedical applications of cellulose 

nanocrystals-based materials, Int. J. Biol. Macromol. 186 (2021) 591–615. 

https://doi.org/10.1016/j.ijbiomac.2021.07.066. 

[580] R. Sunasee, U.D. Hemraz, K. Ckless, Cellulose nanocrystals: a versatile nanoplatform 

for emerging biomedical applications, Expert Opin. Drug Deliv. 13 (2016) 1243–1256. 

https://doi.org/10.1080/17425247.2016.1182491. 

[581] N. Lin, A. Dufresne, Nanocellulose: Biomedical Nanomaterial Applications, in: 

Encycl. Biomed. Polym. Polym. Biomater., Taylor & Francis, 2015: pp. 5077–5100. 

https://doi.org/10.1081/E-EBPP-120050596. 

[582] Y. Emre Oz, Z. Keskin-Erdogan, N. Safa, E. Esin Hames Tuna, A review of 

functionalised bacterial cellulose for targeted biomedical fields, J. Biomater. Appl. 36 

(2021) 648–681. https://doi.org/10.1177/0885328221998033. 

[583] F.G. Blanco, N. Hernández, V. Rivero-Buceta, B. Maestro, J.M. Sanz, A. Mato, A.M. 

Hernández-Arriaga, M.A. Prieto, From Residues to Added-Value Bacterial 

Biopolymers as Nanomaterials for Biomedical Applications, Nanomaterials. 11 (2021) 

1492. https://doi.org/10.3390/nano11061492. 

[584] P. Thomas, T. Duolikun, N.P. Rumjit, S. Moosavi, C.W. Lai, M.R. Bin Johan, L.B. 

Fen, Comprehensive review on nanocellulose: Recent developments, challenges and 

future prospects, J. Mech. Behav. Biomed. Mater. 110 (2020) 103884. 

https://doi.org/10.1016/j.jmbbm.2020.103884. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


91 
 

[585] H. Ullah, F. Wahid, H.A. Santos, T. Khan, Advances in biomedical and 

pharmaceutical applications of functional bacterial cellulose-based nanocomposites, 

Carbohydr. Polym. 150 (2016) 330–352. 

https://doi.org/10.1016/j.carbpol.2016.05.029. 

[586] T. Abitbol, A. Rivkin, Y. Cao, Y. Nevo, E. Abraham, T. Ben-Shalom, S. Lapidot, O. 

Shoseyov, Nanocellulose, a tiny fiber with huge applications, Curr. Opin. Biotechnol. 

39 (2016) 76–88. https://doi.org/10.1016/j.copbio.2016.01.002. 

[587] J.M. Rajwade, K.M. Paknikar, J. V. Kumbhar, Applications of bacterial cellulose and 

its composites in biomedicine, Appl. Microbiol. Biotechnol. 99 (2015) 2491–2511. 

https://doi.org/10.1007/s00253-015-6426-3. 

[588] S. Khattak, F. Wahid, L.-P. Liu, S.-R. Jia, L.-Q. Chu, Y.-Y. Xie, Z.-X. Li, C. Zhong, 

Applications of cellulose and chitin/chitosan derivatives and composites as 

antibacterial materials: current state and perspectives, Appl. Microbiol. Biotechnol. 

103 (2019) 1989–2006. https://doi.org/10.1007/s00253-018-09602-0. 

[589] L. Sun, C. Ding, X. Qian, X. An, Effective and simple one-step strategy for 

preparation of “clickable” cellulose modules: support to build antibacterial materials, 

Cellulose. 26 (2019) 1961–1976. https://doi.org/10.1007/s10570-018-2215-3. 

[590] J. Li, R. Cha, K. Mou, X. Zhao, K. Long, H. Luo, F. Zhou, X. Jiang, Nanocellulose-

Based Antibacterial Materials, Adv. Healthc. Mater. 7 (2018) 1800334. 

https://doi.org/10.1002/adhm.201800334. 

[591] E. Vázquez, L. Duarte, F. López-Saucedo, G.G. Flores-Rojas, E. Bucio, Cellulose-

Based Antimicrobial Materials, in: 2021: pp. 61–85. https://doi.org/10.1007/978-981-

15-7098-8_3. 

[592] M. Alavi, Modifications of microcrystalline cellulose (MCC), nanofibrillated cellulose 

(NFC), and nanocrystalline cellulose (NCC) for antimicrobial and wound healing 

applications, E-Polymers. 19 (2019) 103–119. https://doi.org/10.1515/epoly-2019-

0013. 

[593] V. Coma, C.S.R. Freire, A.J.D. Silvestre, Recent Advances on the Development of 

AntibacterialAntibacterial activity Polysaccharide-Based MaterialsBiomedical 

products and devices, in: Polysaccharides, Springer International Publishing, Cham, 

2015: pp. 1751–1803. https://doi.org/10.1007/978-3-319-16298-0_12. 

[594] F.C. Claro, C. Jordão, B.M. de Viveiros, L.J.E. Isaka, J.A. Villanova Junior, W.L.E. 

Magalhães, Low cost membrane of wood nanocellulose obtained by mechanical 

defibrillation for potential applications as wound dressing, Cellulose. 27 (2020) 

10765–10779. https://doi.org/10.1007/s10570-020-03129-2. 

[595] A. Resch, C. Staud, C. Radtke, Nanocellulose‐based wound dressing for conservative 

wound management in children with second‐degree burns, Int. Wound J. 18 (2021) 

478–486. https://doi.org/10.1111/iwj.13548. 

[596] T. Hakkarainen, R. Koivuniemi, M. Kosonen, C. Escobedo-Lucea, A. Sanz-Garcia, J. 

Vuola, J. Valtonen, P. Tammela, A. Mäkitie, K. Luukko, M. Yliperttula, H. Kavola, 

Nanofibrillar cellulose wound dressing in skin graft donor site treatment, J. Control. 

Release. 244 (2016) 292–301. https://doi.org/10.1016/j.jconrel.2016.07.053. 

[597] J. Cattelaens, L. Turco, L.M. Berclaz, B. Huelsse, W. Hitzl, T. Vollkommer, K.J. 

Bodenschatz, The Impact of a Nanocellulose-Based Wound Dressing in the 

Management of Thermal Injuries in Children: Results of a Retrospective Evaluation, 

Life. 10 (2020) 212. https://doi.org/10.3390/life10090212. 

[598] M.F. Knutsen, K. Agrenius, H. Ugland, S. Petronis, C. Haglerod, J. Håkansson, G. 

Chinga-Carrasco, Oxygenated Nanocellulose—A Material Platform for Antibacterial 

Wound Dressing Devices, ACS Appl. Bio Mater. 4 (2021) 7554–7562. 

https://doi.org/10.1021/acsabm.1c00819. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


92 
 

[599] W. He, J. Wu, J. Xu, D.A. Mosselhy, Y. Zheng, S. Yang, Bacterial Cellulose: 

Functional Modification and Wound Healing Applications, Adv. Wound Care. 10 

(2021) 623–640. https://doi.org/10.1089/wound.2020.1219. 

[600] I. Sulaeva, U. Henniges, T. Rosenau, A. Potthast, Bacterial cellulose as a material for 

wound treatment: Properties and modifications. A review, Biotechnol. Adv. 33 (2015) 

1547–1571. https://doi.org/10.1016/j.biotechadv.2015.07.009. 

[601] J. Venkatesan, S. Anil, S.-K. Kim, M. Shim, Seaweed Polysaccharide-Based 

Nanoparticles: Preparation and Applications for Drug Delivery, Polymers (Basel). 8 

(2016) 30. https://doi.org/10.3390/polym8020030. 

[602] S.U. Islam, M. Ul-Islam, H. Ahsan, M.B. Ahmed, A. Shehzad, A. Fatima, J.K. Sonn, 

Y.S. Lee, Potential applications of bacterial cellulose and its composites for cancer 

treatment, Int. J. Biol. Macromol. 168 (2021) 301–309. 

https://doi.org/10.1016/j.ijbiomac.2020.12.042. 

[603] A.B. Seabra, J.S. Bernardes, W.J. Fávaro, A.J. Paula, N. Durán, Cellulose nanocrystals 

as carriers in medicine and their toxicities: A review, Carbohydr. Polym. 181 (2018) 

514–527. https://doi.org/10.1016/j.carbpol.2017.12.014. 

[604] K. Kupnik, M. Primožič, V. Kokol, M. Leitgeb, Nanocellulose in Drug Delivery and 

Antimicrobially Active Materials, Polymers (Basel). 12 (2020) 2825. 

https://doi.org/10.3390/polym12122825. 

[605] H.P.S.A. Khalil, F. Jummaat, E.B. Yahya, N.G. Olaiya, A.S. Adnan, M. Abdat, N. N. 

A. M., A.S. Halim, U.S.U. Kumar, R. Bairwan, A.B. Suriani, A Review on Micro- to 

Nanocellulose Biopolymer Scaffold Forming for Tissue Engineering Applications, 

Polymers (Basel). 12 (2020) 2043. https://doi.org/10.3390/polym12092043. 

[606] D. Klemm, D. Schumann, U. Udhardt, S. Marsch, Bacterial synthesized cellulose — 

artificial blood vessels for microsurgery, Prog. Polym. Sci. 26 (2001) 1561–1603. 

https://doi.org/10.1016/S0079-6700(01)00021-1. 

[607] J. Tang, L. Bao, X. Li, L. Chen, F.F. Hong, Potential of PVA-doped bacterial nano-

cellulose tubular composites for artificial blood vessels, J. Mater. Chem. B. 3 (2015) 

8537–8547. https://doi.org/10.1039/C5TB01144B. 

[608] H. Sadeghifar, R. Venditti, J. Jur, R.E. Gorga, J.J. Pawlak, Cellulose-Lignin 

Biodegradable and Flexible UV Protection Film, ACS Sustain. Chem. Eng. 5 (2017) 

625–631. https://doi.org/10.1021/acssuschemeng.6b02003. 

[609] D. Joram Mendoza, L.M.M. Mouterde, C. Browne, V. Singh Raghuwanshi, G.P. 

Simon, G. Garnier, F. Allais, Grafting Nature‐Inspired and Bio‐Based Phenolic Esters 

onto Cellulose Nanocrystals Gives Biomaterials with Photostable Anti‐UV Properties, 

ChemSusChem. 13 (2020) 6552–6561. https://doi.org/10.1002/cssc.202002017. 

[610] H. Du, W. Liu, M. Zhang, C. Si, X. Zhang, B. Li, Cellulose nanocrystals and cellulose 

nanofibrils based hydrogels for biomedical applications, Carbohydr. Polym. 209 

(2019) 130–144. https://doi.org/10.1016/j.carbpol.2019.01.020. 

[611] V. Rahmanian, T. Pirzada, S. Wang, S.A. Khan, Cellulose‐Based Hybrid Aerogels: 

Strategies toward Design and Functionality, Adv. Mater. 33 (2021) 2102892. 

https://doi.org/10.1002/adma.202102892. 

[612] K.J. De France, T. Hoare, E.D. Cranston, Review of Hydrogels and Aerogels 

Containing Nanocellulose, Chem. Mater. 29 (2017) 4609–4631. 

https://doi.org/10.1021/acs.chemmater.7b00531. 

[613] E.F. Douglass, H. Avci, R. Boy, O.J. Rojas, R. Kotek, A Review of Cellulose and 

Cellulose Blends for Preparation of Bio-derived and Conventional Membranes, 

Nanostructured Thin Films, and Composites, Polym. Rev. 58 (2018) 102–163. 

https://doi.org/10.1080/15583724.2016.1269124. 

[614] S. Sultan, G. Siqueira, T. Zimmermann, A.P. Mathew, 3D printing of nano-cellulosic 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


93 
 

biomaterials for medical applications, Curr. Opin. Biomed. Eng. 2 (2017) 29–34. 

https://doi.org/10.1016/j.cobme.2017.06.002. 

[615] A. Shavandi, S. Hosseini, O.V. Okoro, L. Nie, F. Eghbali Babadi, F. Melchels, 3D 

Bioprinting of Lignocellulosic Biomaterials, Adv. Healthc. Mater. 9 (2020) 2001472. 

https://doi.org/10.1002/adhm.202001472. 

[616] A. Tayeb, E. Amini, S. Ghasemi, M. Tajvidi, Cellulose Nanomaterials—Binding 

Properties and Applications: A Review, Molecules. 23 (2018) 2684. 

https://doi.org/10.3390/molecules23102684. 

[617] S. Kashani Rahimi, R. Aeinehvand, K. Kim, J.U. Otaigbe, Structure and 

Biocompatibility of Bioabsorbable Nanocomposites of Aliphatic-Aromatic 

Copolyester and Cellulose Nanocrystals, Biomacromolecules. 18 (2017) 2179–2194. 

https://doi.org/10.1021/acs.biomac.7b00578. 

[618] Y. Yang, Y. Lu, K. Zeng, T. Heinze, T. Groth, K. Zhang, Recent Progress on 

Cellulose‐Based Ionic Compounds for Biomaterials, Adv. Mater. 33 (2021) 2000717. 

https://doi.org/10.1002/adma.202000717. 

[619] S. Tortorella, V. Vetri Buratti, M. Maturi, L. Sambri, M. Comes Franchini, E. 

Locatelli, Surface-Modified Nanocellulose for Application in Biomedical Engineering 

and Nanomedicine: A Review, Int. J. Nanomedicine. Volume 15 (2020) 9909–9937. 

https://doi.org/10.2147/IJN.S266103. 

[620] Y. Habibi, Key advances in the chemical modification of nanocelluloses, Chem. Soc. 

Rev. 43 (2014) 1519–1542. https://doi.org/10.1039/C3CS60204D. 

[621] S. Eyley, W. Thielemans, Surface modification of cellulose nanocrystals, Nanoscale. 6 

(2014) 7764–7779. https://doi.org/10.1039/C4NR01756K. 

[622] H.N. Abdelhamid, A.P. Mathew, Cellulose-Based Nanomaterials Advance 

Biomedicine: A Review, Int. J. Mol. Sci. 23 (2022) 5405. 

https://doi.org/10.3390/ijms23105405. 

[623] M. Dash, F. Chiellini, R.M. Ottenbrite, E. Chiellini, Chitosan—A versatile semi-

synthetic polymer in biomedical applications, Prog. Polym. Sci. 36 (2011) 981–1014. 

https://doi.org/10.1016/j.progpolymsci.2011.02.001. 

[624] M. Tavakolian, S.M. Jafari, T.G.M. van de Ven, A Review on Surface-Functionalized 

Cellulosic Nanostructures as Biocompatible Antibacterial Materials, Nano-Micro Lett. 

12 (2020) 73. https://doi.org/10.1007/s40820-020-0408-4. 

[625] K. Mou, J. Li, Y. Wang, R. Cha, X. Jiang, 2,3-Dialdehyde nanofibrillated cellulose as 

a potential material for the treatment of MRSA infection, J. Mater. Chem. B. 5 (2017) 

7876–7884. https://doi.org/10.1039/C7TB01857F. 

[626] L. Zhang, H. Ge, M. Xu, J. Cao, Y. Dai, Physicochemical properties, antioxidant and 

antibacterial activities of dialdehyde microcrystalline cellulose, Cellulose. 24 (2017) 

2287–2298. https://doi.org/10.1007/s10570-017-1255-4. 

[627] J. Jacob, J. Haponiuk, S. Thomas, G. Peter, S. Gopi, Use of Ginger Nanofibers for the 

Preparation of Cellulose Nanocomposites and Their Antimicrobial Activities, Fibers. 6 

(2018) 79. https://doi.org/10.3390/fib6040079. 

[628] A.A. Jack, H.R. Nordli, L.C. Powell, K.A. Powell, H. Kishnani, P.O. Johnsen, B. 

Pukstad, D.W. Thomas, G. Chinga-Carrasco, K.E. Hill, The interaction of wood 

nanocellulose dressings and the wound pathogen P. aeruginosa, Carbohydr. Polym. 

157 (2017) 1955–1962. https://doi.org/10.1016/j.carbpol.2016.11.080. 

[629] G. Chinga-Carrasco, J. Johansson, E.B. Heggset, I. Leirset, C. Björn, K. Agrenius, J.S. 

Stevanic, J. Håkansson, Characterization and Antibacterial Properties of Autoclaved 

Carboxylated Wood Nanocellulose, Biomacromolecules. 22 (2021) 2779–2789. 

https://doi.org/10.1021/acs.biomac.1c00137. 

[630] M.B. Gorbet, M. V. Sefton, Endotoxin: The uninvited guest, Biomaterials. 26 (2005) 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


94 
 

6811–6817. https://doi.org/10.1016/j.biomaterials.2005.04.063. 

[631] H.R. Nordli, G. Chinga-Carrasco, A.M. Rokstad, B. Pukstad, Producing ultrapure 

wood cellulose nanofibrils and evaluating the cytotoxicity using human skin cells, 

Carbohydr. Polym. 150 (2016) 65–73. https://doi.org/10.1016/j.carbpol.2016.04.094. 

[632] M. Čolić, D. Mihajlović, A. Mathew, N. Naseri, V. Kokol, Cytocompatibility and 

immunomodulatory properties of wood based nanofibrillated cellulose, Cellulose. 22 

(2015) 763–778. https://doi.org/10.1007/s10570-014-0524-8. 

[633] T.C. Pham, V.-N. Nguyen, Y. Choi, S. Lee, J. Yoon, Recent Strategies to Develop 

Innovative Photosensitizers for Enhanced Photodynamic Therapy, Chem. Rev. 121 

(2021) 13454–13619. https://doi.org/10.1021/acs.chemrev.1c00381. 

[634] B.S.T. Peddinti, N. Morales-Gagnon, B. Pourdeyhimi, F. Scholle, R.J. Spontak, R.A. 

Ghiladi, Photodynamic Coatings on Polymer Microfibers for Pathogen Inactivation: 

Effects of Application Method and Composition, ACS Appl. Mater. Interfaces. 13 

(2021) 155–163. https://doi.org/10.1021/acsami.0c16953. 

[635] N. Maldonado-Carmona, T.-S. Ouk, M.J.F. Calvete, M.M. Pereira, N. Villandier, S. 

Leroy-Lhez, Conjugating biomaterials with photosensitizers: advances and 

perspectives for photodynamic antimicrobial chemotherapy, Photochem. Photobiol. 

Sci. 19 (2020) 445–461. https://doi.org/10.1039/C9PP00398C. 

[636] M. Q. Mesquita, C. J. Dias, M. P. M. S. Neves, A. Almeida, M. F. Faustino, Revisiting 

Current Photoactive Materials for Antimicrobial Photodynamic Therapy, Molecules. 

23 (2018) 2424. https://doi.org/10.3390/molecules23102424. 

[637] L. George, A. Hiltunen, V. Santala, A. Efimov, Photo-antimicrobial efficacy of zinc 

complexes of porphyrin and phthalocyanine activated by inexpensive consumer LED 

lamp, J. Inorg. Biochem. 183 (2018) 94–100. 

https://doi.org/10.1016/j.jinorgbio.2018.03.015. 

[638] E. Feese, H. Sadeghifar, H.S. Gracz, D.S. Argyropoulos, R.A. Ghiladi, 

Photobactericidal Porphyrin-Cellulose Nanocrystals: Synthesis, Characterization, and 

Antimicrobial Properties, Biomacromolecules. 12 (2011) 3528–3539. 

https://doi.org/10.1021/bm200718s. 

[639] R. Koshani, J. Zhang, T.G.M. van de Ven, X. Lu, Y. Wang, Modified Hairy 

Nanocrystalline Cellulose as Photobactericidal Nanofillers for Food Packaging 

Application, ACS Sustain. Chem. Eng. 9 (2021) 10513–10523. 

https://doi.org/10.1021/acssuschemeng.1c02289. 

[640] J. Zhuo, G. Sun, Antimicrobial Functions on Cellulose Materials Introduced by 

Anthraquinone Vat Dyes, ACS Appl. Mater. Interfaces. 5 (2013) 10830–10835. 

https://doi.org/10.1021/am403029w. 

[641] A. Hou, G. Feng, J. Zhuo, G. Sun, UV Light-Induced Generation of Reactive Oxygen 

Species and Antimicrobial Properties of Cellulose Fabric Modified by 3,3′,4,4′-

Benzophenone Tetracarboxylic Acid, ACS Appl. Mater. Interfaces. 7 (2015) 27918–

27924. https://doi.org/10.1021/acsami.5b09993. 

[642] B. Sun, Y. Zhang, W. Li, X. Xu, H. Zhang, Y. Zhao, J. Lin, D. Sun, Facile synthesis 

and light-induced antibacterial activity of ketoprofen functionalized bacterial cellulose 

membranes, Colloids Surfaces A Physicochem. Eng. Asp. 568 (2019) 231–238. 

https://doi.org/10.1016/j.colsurfa.2019.01.051. 

[643] T. Wang, L. Xu, H. Shen, X. Cao, Q. Wei, R.A. Ghiladi, Q. Wang, Photoinactivation 

of bacteria by hypocrellin-grafted bacterial cellulose, Cellulose. 27 (2020) 991–1007. 

https://doi.org/10.1007/s10570-019-02852-9. 

[644] P. Chauhan, N. Yan, Novel bodipy—cellulose nanohybrids for the production of 

singlet oxygen, RSC Adv. 6 (2016) 32070–32073. 

https://doi.org/10.1039/C6RA04275A. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


95 
 

[645] F. Le Guern, T.-S. Ouk, K. Grenier, N. Joly, V. Lequart, V. Sol, Enhancement of 

photobactericidal activity of chlorin-e6-cellulose nanocrystals by covalent attachment 

of polymyxin B, J. Mater. Chem. B. 5 (2017) 6953–6962. 

https://doi.org/10.1039/C7TB01274H. 

[646] E. Anaya-Plaza, E. van de Winckel, J. Mikkilä, J.-M. Malho, O. Ikkala, O. Gulías, R. 

Bresolí-Obach, M. Agut, S. Nonell, T. Torres, M.A. Kostiainen, A. de la Escosura, 

Photoantimicrobial Biohybrids by Supramolecular Immobilization of Cationic 

Phthalocyanines onto Cellulose Nanocrystals, Chem. - A Eur. J. 23 (2017) 4320–4326. 

https://doi.org/10.1002/chem.201605285. 

[647] L. Hu, H. Zhang, A. Gao, A. Hou, Functional modification of cellulose fabrics with 

phthalocyanine derivatives and the UV light-induced antibacterial performance, 

Carbohydr. Polym. 201 (2018) 382–386. 

https://doi.org/10.1016/j.carbpol.2018.08.087. 

[648] J. Dong, R.A. Ghiladi, Q. Wang, Y. Cai, Q. Wei, Protoporphyrin-IX conjugated 

cellulose nanofibers that exhibit high antibacterial photodynamic inactivation efficacy, 

Nanotechnology. 29 (2018) 265601. https://doi.org/10.1088/1361-6528/aabb3c. 

[649] J. Dong, R.A. Ghiladi, Q. Wang, Y. Cai, Q. Wei, Protoporphyrin IX conjugated 

bacterial cellulose via diamide spacer arms with specific antibacterial photodynamic 

inactivation against Escherichia coli, Cellulose. 25 (2018) 1673–1686. 

https://doi.org/10.1007/s10570-018-1697-3. 

[650] R. Jia, W. Tian, H. Bai, J. Zhang, S. Wang, J. Zhang, Sunlight-Driven Wearable and 

Robust Antibacterial Coatings with Water-Soluble Cellulose-Based Photosensitizers, 

Adv. Healthc. Mater. 8 (2019) 1801591. https://doi.org/10.1002/adhm.201801591. 

[651] M.S. Hasanin, M. Abdelraof, M. Fikry, Y.M. Shaker, A.M.K. Sweed, M.O. Senge, 

Development of Antimicrobial Laser-Induced Photodynamic Therapy Based on 

Ethylcellulose/Chitosan Nanocomposite with 5,10,15,20-Tetrakis(m-

Hydroxyphenyl)porphyrin, Molecules. 26 (2021) 3551. 

https://doi.org/10.3390/molecules26123551. 

[652] T. Wang, H. Ke, S. Chen, J. Wang, W. Yang, X. Cao, J. Liu, Q. Wei, R.A. Ghiladi, Q. 

Wang, Porous protoporphyrin IX-embedded cellulose diacetate electrospun 

microfibers in antimicrobial photodynamic inactivation, Mater. Sci. Eng. C. 118 

(2021) 111502. https://doi.org/10.1016/j.msec.2020.111502. 

[653] F. Fadavi, A. Abdulkhani, Y. Hamzeh, M. Bacher, M. Gorfer, D. Bandian, T. Rosenau, 

H. Hettegger, Photodynamic Antimicrobial Cellulosic Material Through Covalent 

Linkage of Protoporphyrin IX onto Lyocell Fibers, J. Wood Chem. Technol. 39 (2019) 

57–74. https://doi.org/10.1080/02773813.2018.1500605. 

[654] P. Chauhan, C. Hadad, A. Sartorelli, M. Zarattini, A. Herreros-López, M. Mba, M. 

Maggini, M. Prato, T. Carofiglio, Nanocrystalline cellulose–porphyrin hybrids: 

synthesis, supramolecular properties, and singlet-oxygen production, Chem. Commun. 

49 (2013) 8525. https://doi.org/10.1039/c3cc44852e. 

[655] B.L. Carpenter, E. Feese, H. Sadeghifar, D.S. Argyropoulos, R.A. Ghiladi, Porphyrin-

Cellulose Nanocrystals: A Photobactericidal Material that Exhibits Broad Spectrum 

Antimicrobial Activity†, Photochem. Photobiol. 88 (2012) 527–536. 

https://doi.org/10.1111/j.1751-1097.2012.01117.x. 

[656] D.R. Alvarado, D.S. Argyropoulos, F. Scholle, B.S.T. Peddinti, R.A. Ghiladi, A facile 

strategy for photoactive nanocellulose-based antimicrobial materials, Green Chem. 21 

(2019) 3424–3435. https://doi.org/10.1039/C9GC00551J. 

[657] L. Song, L. Sun, J. Zhao, X. Wang, J. Yin, S. Luan, W. Ming, Synergistic 

Superhydrophobic and Photodynamic Cotton Textiles with Remarkable Antibacterial 

Activities, ACS Appl. Bio Mater. 2 (2019) 2756–2765. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


96 
 

https://doi.org/10.1021/acsabm.9b00149. 

[658] M. Denis, D. Gindre, F.-X. Felpin, Ultra-fast covalent molecular printing on cellulose 

paper by photo-strain-triggered click ligation: UV LED versus laser irradiations, J. 

Mater. Sci. 56 (2021) 5006–5014. https://doi.org/10.1007/s10853-020-05585-4. 

[659] J. Zhuo, Photoactive chemicals for antimicrobial textiles, in: Antimicrob. Text., 

Elsevier, 2016: pp. 197–223. https://doi.org/10.1016/B978-0-08-100576-7.00011-0. 

[660] Y. Imtiaz, B. Tuga, C.W. Smith, A. Rabideau, L. Nguyen, Y. Liu, S. Hrapovic, K. 

Ckless, R. Sunasee, Synthesis and Cytotoxicity Studies of Wood-Based Cationic 

Cellulose Nanocrystals as Potential Immunomodulators, Nanomaterials. 10 (2020) 

1603. https://doi.org/10.3390/nano10081603. 

[661] T. Maneerung, S. Tokura, R. Rujiravanit, Impregnation of silver nanoparticles into 

bacterial cellulose for antimicrobial wound dressing, Carbohydr. Polym. 72 (2008) 43–

51. https://doi.org/10.1016/j.carbpol.2007.07.025. 

[662] S. Hamedi, S.A. Shojaosadati, Preparation of antibacterial ZnO NP-containing 

schizophyllan/bacterial cellulose nanocomposite for wound dressing, Cellulose. 28 

(2021) 9269–9282. https://doi.org/10.1007/s10570-021-04119-8. 

[663] J. Luan, J. Wu, Y. Zheng, W. Song, G. Wang, J. Guo, X. Ding, Impregnation of silver 

sulfadiazine into bacterial cellulose for antimicrobial and biocompatible wound 

dressing, Biomed. Mater. 7 (2012) 065006. https://doi.org/10.1088/1748-

6041/7/6/065006. 

[664] M. Schmitz, T. Eberlein, A. Andriessen, Wound treatment costs comparing a bio-

cellulose dressing with moist wound healing dressings and conventional dressings, 

Wound Med. 6 (2014) 11–14. https://doi.org/10.1016/j.wndm.2014.07.002. 

[665] H. Cheng, D. Xiao, Y. Tang, B. Wang, X. Feng, M. Lu, G.J. Vancso, X. Sui, Sponges 

with Janus Character from Nanocellulose: Preparation and Applications in the 

Treatment of Hemorrhagic Wounds, Adv. Healthc. Mater. 9 (2020) 1901796. 

https://doi.org/10.1002/adhm.201901796. 

[666] F. Wahid, X.-J. Zhao, X.-Q. Zhao, X.-F. Ma, N. Xue, X.-Z. Liu, F.-P. Wang, S.-R. Jia, 

C. Zhong, Fabrication of Bacterial Cellulose-Based Dressings for Promoting Infected 

Wound Healing, ACS Appl. Mater. Interfaces. 13 (2021) 32716–32728. 

https://doi.org/10.1021/acsami.1c06986. 

[667] S. Jiji, S. Udhayakumar, C. Rose, C. Muralidharan, K. Kadirvelu, Thymol enriched 

bacterial cellulose hydrogel as effective material for third degree burn wound repair, 

Int. J. Biol. Macromol. 122 (2019) 452–460. 

https://doi.org/10.1016/j.ijbiomac.2018.10.192. 

[668] S. Das, B. Ghosh, K. Sarkar, Nanocellulose as sustainable biomaterials for drug 

delivery, Sensors Int. 3 (2022) 100135. https://doi.org/10.1016/j.sintl.2021.100135. 

[669] N. Raghav, M.R. Sharma, J.F. Kennedy, Nanocellulose: A mini-review on types and 

use in drug delivery systems, Carbohydr. Polym. Technol. Appl. 2 (2021) 100031. 

https://doi.org/10.1016/j.carpta.2020.100031. 

[670] Y. Pötzinger, D. Kralisch, D. Fischer, Bacterial nanocellulose: the future of controlled 

drug delivery?, Ther. Deliv. 8 (2017) 753–761. https://doi.org/10.4155/tde-2017-0059. 

[671] H. Ullah, H.A. Santos, T. Khan, Applications of bacterial cellulose in food, cosmetics 

and drug delivery, Cellulose. 23 (2016) 2291–2314. https://doi.org/10.1007/s10570-

016-0986-y. 

[672] Y.Y. Khine, M.H. Stenzel, Surface modified cellulose nanomaterials: a source of non-

spherical nanoparticles for drug delivery, Mater. Horizons. 7 (2020) 1727–1758. 

https://doi.org/10.1039/C9MH01727E. 

[673] J. Liao, H. Huang, Review on Magnetic Natural Polymer Constructed Hydrogels as 

Vehicles for Drug Delivery, Biomacromolecules. 21 (2020) 2574–2594. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


97 
 

https://doi.org/10.1021/acs.biomac.0c00566. 

[674] H. Paukkonen, A. Ukkonen, G. Szilvay, M. Yliperttula, T. Laaksonen, Hydrophobin-

nanofibrillated cellulose stabilized emulsions for encapsulation and release of BCS 

class II drugs, Eur. J. Pharm. Sci. 100 (2017) 238–248. 

https://doi.org/10.1016/j.ejps.2017.01.029. 

[675] S. Dong, H.J. Cho, Y.W. Lee, M. Roman, Synthesis and Cellular Uptake of Folic 

Acid-Conjugated Cellulose Nanocrystals for Cancer Targeting, Biomacromolecules. 

15 (2014) 1560–1567. https://doi.org/10.1021/bm401593n. 

[676] K.R. Colacino, C.B. Arena, S. Dong, M. Roman, R. V. Davalos, Y.W. Lee, Folate 

Conjugated Cellulose Nanocrystals Potentiate Irreversible Electroporation-induced 

Cytotoxicity for the Selective Treatment of Cancer Cells, Technol. Cancer Res. Treat. 

14 (2015) 757–766. https://doi.org/10.7785/tcrt.2012.500428. 

[677] Letchford, Jackson, B. Wasserman, Ye, W. Hamad, H. Burt, The use of 

nanocrystalline cellulose for the binding and controlled release of drugs, Int. J. 

Nanomedicine. (2011) 321. https://doi.org/10.2147/IJN.S16749. 

[678] M. Mohan Yallapu, M. Ray Dobberpuhl, D. Michele Maher, M. Jaggi, S. Chand 

Chauhan, Design of Curcumin loaded Cellulose Nanoparticles for Prostate Cancer, 

Curr. Drug Metab. 13 (2012) 120–128. https://doi.org/10.2174/138920012798356952. 

[679] S. Sultan, H.N. Abdelhamid, X. Zou, A.P. Mathew, CelloMOF: Nanocellulose 

Enabled 3D Printing of Metal-Organic Frameworks, Adv. Funct. Mater. (2018) 

1805372. https://doi.org/10.1002/adfm.201805372. 

[680] H. Nasser Abdelhamid, S. Sultan, A.P. Mathew, Binder-free Three-dimensional (3D) 

printing of Cellulose-ZIF8 (CelloZIF-8) for water treatment and carbon dioxide (CO2) 

adsorption, Chem. Eng. J. 468 (2023) 143567. 

https://doi.org/10.1016/j.cej.2023.143567. 

[681] G.M.A. Ndong Ntoutoume, V. Grassot, F. Brégier, J. Chabanais, J.-M. Petit, R. 

Granet, V. Sol, PEI-cellulose nanocrystal hybrids as efficient siRNA delivery agents—

Synthesis, physicochemical characterization and in vitro evaluation, Carbohydr. 

Polym. 164 (2017) 258–267. https://doi.org/10.1016/j.carbpol.2017.02.004. 

[682] P. Singhsa, R. Narain, H. Manuspiya, Bacterial Cellulose Nanocrystals (BCNC) 

Preparation and Characterization from Three Bacterial Cellulose Sources and 

Development of Functionalized BCNCs as Nucleic Acid Delivery Systems, ACS Appl. 

Nano Mater. 1 (2018) 209–221. https://doi.org/10.1021/acsanm.7b00105. 

[683] H.N. Abdelhamid, Chitosan‐Based Nanocarriers for Gene Delivery, in: Nanoeng. 

Biomater., Wiley, 2022: pp. 91–105. https://doi.org/10.1002/9783527832095.ch4. 

[684] H. Hu, W. Yuan, F.-S. Liu, G. Cheng, F.-J. Xu, J. Ma, Redox-Responsive Polycation-

Functionalized Cotton Cellulose Nanocrystals for Effective Cancer Treatment, ACS 

Appl. Mater. Interfaces. 7 (2015) 8942–8951. https://doi.org/10.1021/acsami.5b02432. 

[685] H.N. Abdelhamid, M. Dowaidar, M. Hällbrink, Ü. Langel, Gene delivery using cell 

penetrating peptides-zeolitic imidazolate frameworks, Microporous Mesoporous 

Mater. 300 (2020) 110173. https://doi.org/10.1016/j.micromeso.2020.110173. 

[686] H.N. Abdelhamid, M. Dowaidar, Ü. Langel, Carbonized chitosan encapsulated 

hierarchical porous zeolitic imidazolate frameworks nanoparticles for gene delivery, 

Microporous Mesoporous Mater. 302 (2020) 110200. 

https://doi.org/10.1016/j.micromeso.2020.110200. 

[687] H. Luo, R. Cha, J. Li, W. Hao, Y. Zhang, F. Zhou, Advances in tissue engineering of 

nanocellulose-based scaffolds: A review, Carbohydr. Polym. 224 (2019) 115144. 

https://doi.org/10.1016/j.carbpol.2019.115144. 

[688] H. Bäckdahl, G. Helenius, A. Bodin, U. Nannmark, B.R. Johansson, B. Risberg, P. 

Gatenholm, Mechanical properties of bacterial cellulose and interactions with smooth 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


98 
 

muscle cells, Biomaterials. 27 (2006) 2141–2149. 

https://doi.org/10.1016/j.biomaterials.2005.10.026. 

[689] A. Svensson, E. Nicklasson, T. Harrah, B. Panilaitis, D.L. Kaplan, M. Brittberg, P. 

Gatenholm, Bacterial cellulose as a potential scaffold for tissue engineering of 

cartilage, Biomaterials. 26 (2005) 419–431. 

https://doi.org/10.1016/j.biomaterials.2004.02.049. 

[690] L. Fu, Y. Zhang, C. Li, Z. Wu, Q. Zhuo, X. Huang, G. Qiu, P. Zhou, G. Yang, Skin 

tissue repair materials from bacterial cellulose by a multilayer fermentation method, J. 

Mater. Chem. 22 (2012) 12349. https://doi.org/10.1039/c2jm00134a. 

[691] A. Bodin, S. Bharadwaj, S. Wu, P. Gatenholm, A. Atala, Y. Zhang, Tissue-engineered 

conduit using urine-derived stem cells seeded bacterial cellulose polymer in urinary 

reconstruction and diversion, Biomaterials. 31 (2010) 8889–8901. 

https://doi.org/10.1016/j.biomaterials.2010.07.108. 

[692] N. Chiaoprakobkij, N. Sanchavanakit, K. Subbalekha, P. Pavasant, M. Phisalaphong, 

Characterization and biocompatibility of bacterial cellulose/alginate composite 

sponges with human keratinocytes and gingival fibroblasts, Carbohydr. Polym. 85 

(2011) 548–553. https://doi.org/10.1016/j.carbpol.2011.03.011. 

[693] S. Zang, R. Zhang, H. Chen, Y. Lu, J. Zhou, X. Chang, G. Qiu, Z. Wu, G. Yang, 

Investigation on artificial blood vessels prepared from bacterial cellulose, Mater. Sci. 

Eng. C. 46 (2015) 111–117. https://doi.org/10.1016/j.msec.2014.10.023. 

[694] P.M. Favi, R.S. Benson, N.R. Neilsen, R.L. Hammonds, C.C. Bates, C.P. Stephens, 

M.S. Dhar, Cell proliferation, viability, and in vitro differentiation of equine 

mesenchymal stem cells seeded on bacterial cellulose hydrogel scaffolds, Mater. Sci. 

Eng. C. 33 (2013) 1935–1944. https://doi.org/10.1016/j.msec.2012.12.100. 

[695] C.J. Grande, F.G. Torres, C.M. Gomez, M. Carmen Bañó, Nanocomposites of bacterial 

cellulose/hydroxyapatite for biomedical applications, Acta Biomater. 5 (2009) 1605–

1615. https://doi.org/10.1016/j.actbio.2009.01.022. 

[696] H. Zahedmanesh, J.N. Mackle, A. Sellborn, K. Drotz, A. Bodin, P. Gatenholm, C. 

Lally, Bacterial cellulose as a potential vascular graft: Mechanical characterization and 

constitutive model development, J. Biomed. Mater. Res. Part B Appl. Biomater. 97B 

(2011) 105–113. https://doi.org/10.1002/jbm.b.31791. 

[697] J. Athinarayanan, V.S. Periasamy, A.A. Alshatwi, Fabrication and cytotoxicity 

assessment of cellulose nanofibrils using Bassia eriophora biomass, Int. J. Biol. 

Macromol. 117 (2018) 911–918. https://doi.org/10.1016/j.ijbiomac.2018.05.144. 

[698] J. Tang, M.U. Javaid, C. Pan, G. Yu, R.M. Berry, K.C. Tam, Self-healing stimuli-

responsive cellulose nanocrystal hydrogels, Carbohydr. Polym. 229 (2020) 115486. 

https://doi.org/10.1016/j.carbpol.2019.115486. 

[699] C. Shao, L. Meng, M. Wang, C. Cui, B. Wang, C.-R. Han, F. Xu, J. Yang, Mimicking 

Dynamic Adhesiveness and Strain-Stiffening Behavior of Biological Tissues in Tough 

and Self-Healable Cellulose Nanocomposite Hydrogels, ACS Appl. Mater. Interfaces. 

11 (2019) 5885–5895. https://doi.org/10.1021/acsami.8b21588. 

[700] W. Qing, Y. Wang, Y. Wang, D. Zhao, X. Liu, J. Zhu, The modified nanocrystalline 

cellulose for hydrophobic drug delivery, Appl. Surf. Sci. 366 (2016) 404–409. 

https://doi.org/10.1016/j.apsusc.2016.01.133. 

[701] N. Lin, A. Gèze, D. Wouessidjewe, J. Huang, A. Dufresne, Biocompatible Double-

Membrane Hydrogels from Cationic Cellulose Nanocrystals and Anionic Alginate as 

Complexing Drugs Codelivery, ACS Appl. Mater. Interfaces. 8 (2016) 6880–6889. 

https://doi.org/10.1021/acsami.6b00555. 

[702] P. Bertsch, L. Schneider, G. Bovone, M.W. Tibbitt, P. Fischer, S. Gstöhl, Injectable 

Biocompatible Hydrogels from Cellulose Nanocrystals for Locally Targeted Sustained 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


99 
 

Drug Release, ACS Appl. Mater. Interfaces. 11 (2019) 38578–38585. 

https://doi.org/10.1021/acsami.9b15896. 

[703] J. You, J. Cao, Y. Zhao, L. Zhang, J. Zhou, Y. Chen, Improved Mechanical Properties 

and Sustained Release Behavior of Cationic Cellulose Nanocrystals Reinforeced 

Cationic Cellulose Injectable Hydrogels, Biomacromolecules. 17 (2016) 2839–2848. 

https://doi.org/10.1021/acs.biomac.6b00646. 

[704] Y. Zhang, Q. Zhao, H. Wang, X. Jiang, R. Cha, Preparation of green and gelatin-free 

nanocrystalline cellulose capsules, Carbohydr. Polym. 164 (2017) 358–363. 

https://doi.org/10.1016/j.carbpol.2017.01.096. 

[705] M. Badshah, H. Ullah, S.A. Khan, J.K. Park, T. Khan, Preparation, characterization 

and in-vitro evaluation of bacterial cellulose matrices for oral drug delivery, Cellulose. 

24 (2017) 5041–5052. https://doi.org/10.1007/s10570-017-1474-8. 

[706] K. Markstedt, A. Mantas, I. Tournier, H. Martínez Ávila, D. Hägg, P. Gatenholm, 3D 

Bioprinting Human Chondrocytes with Nanocellulose–Alginate Bioink for Cartilage 

Tissue Engineering Applications, Biomacromolecules. 16 (2015) 1489–1496. 

https://doi.org/10.1021/acs.biomac.5b00188. 

[707] S.A. Hutchens, R.S. Benson, B.R. Evans, C.J. Rawn, H. O’Neill, A resorbable 

calcium-deficient hydroxyapatite hydrogel composite for osseous regeneration, 

Cellulose. 16 (2009) 887–898. https://doi.org/10.1007/s10570-009-9300-6. 

[708] S. Hutchens, R. Benson, B. Evans, H. Oneill, C. Rawn, Biomimetic synthesis of 

calcium-deficient hydroxyapatite in a natural hydrogel, Biomaterials. 27 (2006) 4661–

4670. https://doi.org/10.1016/j.biomaterials.2006.04.032. 

[709] H.N.. Abdelhamid, A.P.. Mathew, A Review on Cellulose-based Materials for 

Biomedicine, Preprints. (2022) 2022010035. 

https://doi.org/10.20944/preprints202201.0035.v1. 

[710] A. Aguilar-Sanchez, B. Jalvo, A. Mautner, V. Rissanen, K.S. Kontturi, H.N. 

Abdelhamid, T. Tammelin, A.P. Mathew, Charged ultrafiltration membranes based on 

TEMPO-oxidized cellulose nanofibrils/poly(vinyl alcohol) antifouling coating, RSC 

Adv. 11 (2021) 6859–6868. https://doi.org/10.1039/D0RA10220B. 

[711] S. Jana, Micro- and Nanoengineered Gum-Based Biomaterials for Drug Delivery and 

Biomedical Applications, n.d. 

[712] H.N. Abdelhamid, S. Sultan, A.P. Mathew, 3D printing of cellulose/leaf-like zeolitic 

imidazolate frameworks (CelloZIF-L) for adsorption of carbon dioxide (CO2) and 

heavy metal ions, Dalt. Trans. (2023). https://doi.org/10.1039/D2DT04168E. 

[713] H. Nasser Abdelhamid, D. Georgouvelas, U. Edlund, A.P. Mathew, CelloZIFPaper: 

Cellulose-ZIF Hybrid Paper for Heavy Metal Removal and Electrochemical Sensing, 

Chem. Eng. J. (2022) 136614. https://doi.org/10.1016/j.cej.2022.136614. 

[714] H. Abdelhamid, D. Georgouvelas, U. Edlund, A. Mathew, CelloZIFPaper: Cellulose-

ZIF Hybrid Paper for Heavy Metal Removal and Electrochemical Sensing, ChemRxiv. 

Cambridge Cambridge Open Engag. (2022). https://doi.org/10.26434/chemrxiv-2022-

gwdxf. 

[715] L. Valencia, H.N. Abdelhamid, Nanocellulose leaf-like zeolitic imidazolate framework 

(ZIF-L) foams for selective capture of carbon dioxide, Carbohydr. Polym. 213 (2019) 

338–345. https://doi.org/10.1016/j.carbpol.2019.03.011. 

[716] H.N. Abdelhamid, Dielectric, Thermal, and Electrical Conductivity Properties of 

Biodegradable Polymer Nanocomposites, Res. Sq. (2022). 

https://doi.org/10.21203/rs.3.rs-2003331/v1. 

[717] H.N. Abdelhamid, Biodegradable Polymer Nanocomposites: A Review of Properties, 

ChemRevix. (2022). https://doi.org/10.26434/chemrxiv-2022-npnrs. 

[718] H.N. Abdelhamid, H.-F. Wu, Polymer dots for quantifying the total hydrophobic 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


100 
 

pathogenic lysates in a single drop, Colloids Surfaces B Biointerfaces. 115 (2014) 51–

60. https://doi.org/10.1016/j.colsurfb.2013.11.013. 

[719] H.N. Abdelhamid, Y.C. Lin, H.-F. Wu, Magnetic nanoparticle modified chitosan for 

surface enhanced laser desorption/ionization mass spectrometry of surfactants, RSC 

Adv. 7 (2017) 41585–41592. https://doi.org/10.1039/C7RA05982E. 

[720] H.N. Abdelhamid, Y.C. Lin, H.-F. Wu, Thymine chitosan nanomagnets for specific 

preconcentration of mercury(II) prior to analysis using SELDI-MS, Microchim. Acta. 

184 (2017) 1517–1527. https://doi.org/10.1007/s00604-017-2125-3. 

[721] H.N. Abdelhamid, Advanced Functional Porous Materials, Springer International 

Publishing, Cham, 2022. https://doi.org/10.1007/978-3-030-85397-6. 

[722] A.I.A. Soliman, H.N. Abdelhamid, Aboel-Magd A. Abdel-Wahab, Hierarchical Porous 

Zeolitic Imidazolate Frameworks (ZIF-8) and ZnO@N-doped Carbon for Selective 

Adsorption and Photocatalytic Degradation of Organic Pollutants, ChemRxiv. 

Cambridge Cambridge Open Engag. 2022; (2022) 10.26434/chemrxiv-2022-rwvtp. 

https://doi.org/10.26434/chemrxiv-2022-rwvtp. 

[723] A.F. Abdel-Magied, H.N. Abdelhamid, R.M. Ashour, L. Fu, M. Dowaidar, W. Xia, K. 

Forsberg, Magnetic Metal-Organic Frameworks for Efficient Removal of 

Cadmium(II), and Lead(II) from Aqueous Solution, J. Environ. Chem. Eng. (2022) 

107467. https://doi.org/10.1016/j.jece.2022.107467. 

[724] H.N. Abdelhamid, A. Mathew, Cellulose-Metal Organic Frameworks (CelloMOFs) 

Hybrid Materials and their Multifaceted Applications: A Review, Coord. Chem. Rev. 

451 (2022) 214263. https://doi.org/10.1016/j.ccr.2021.214263. 

[725] M.N. Goda, A.E.-A.A. Said, H.N. Abdelhamid, Highly selective dehydration of 

methanol over metal-organic frameworks (MOFs)-derived ZnO@Carbon, J. Environ. 

Chem. Eng. 9 (2021) 106336. https://doi.org/10.1016/j.jece.2021.106336. 

[726] H.N. Abdelhamid, Zeolitic imidazolate frameworks (ZIF‐8, ZIF‐67, and ZIF‐L) for 

hydrogen production, Appl. Organomet. Chem. 35 (2021) e6319. 

https://doi.org/10.1002/aoc.6319. 

[727] H.N. Abdelhamid, Zeolitic Imidazolate Frameworks (ZIF-8) for Biomedical 

Applications: A Review, Curr. Med. Chem. 28 (2021) 7023–7075. 

https://doi.org/10.2174/0929867328666210608143703. 

[728] H.-C. Zhou, J.R. Long, O.M. Yaghi, Introduction to Metal–Organic Frameworks, 

Chem. Rev. 112 (2012) 673–674. https://doi.org/10.1021/cr300014x. 

[729] J. Lee, O.K. Farha, J. Roberts, K.A. Scheidt, S.T. Nguyen, J.T. Hupp, Metal–organic 

framework materials as catalysts, Chem. Soc. Rev. 38 (2009) 1450. 

https://doi.org/10.1039/b807080f. 

[730] H.N. Abdelhamid, Biointerface between ZIF-8 and biomolecules and their 

applications, Biointerface Res. Appl. Chem. 11 (2021) 8283–8297. 

https://doi.org/10.33263/BRIAC 111.82838297. 

[731] H.N. Abdelhamid, Lanthanide Metal-Organic Frameworks and Hierarchical Porous 

Zeolitic Imidazolate Frameworks: Synthesis, Properties, and Applications, Stockholm 

University, Faculty of Science, 2017. https://doi.org/oai:DiVA.org:su-146398. 

[732] H.N. Abdelhamid, Zinc hydroxide nitrate nanosheets conversion into hierarchical 

zeolitic imidazolate frameworks nanocomposite and their application for CO2 

sorption, Mater. Today Chem. 15 (2020) 100222. 

https://doi.org/10.1016/j.mtchem.2019.100222. 

[733] A.F. Abdel-Magied, H.N. Abdelhamid, R.M. Ashour, X. Zou, K. Forsberg, 

Hierarchical porous zeolitic imidazolate frameworks nanoparticles for efficient 

adsorption of rare-earth elements, Microporous Mesoporous Mater. 278 (2019) 175–

184. https://doi.org/10.1016/j.micromeso.2018.11.022. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


101 
 

[734] S.K. Das, S. Chatterjee, S. Bhunia, A. Mondal, P. Mitra, V. Kumari, A. Pradhan, A. 

Bhaumik, A new strongly paramagnetic cerium-containing microporous MOF for CO 

2 fixation under ambient conditions, Dalt. Trans. 46 (2017) 13783–13792. 

https://doi.org/10.1039/C7DT02040F. 

[735] A.A. Kassem, H.N. Abdelhamid, D.M. Fouad, S.A. Ibrahim, Hydrogenation reduction 

of dyes using metal-organic framework-derived CuO@C, Microporous Mesoporous 

Mater. 305 (2020) 110340. https://doi.org/10.1016/j.micromeso.2020.110340. 

[736] A.R. Abdellah, H.N. Abdelhamid, A.-B.A.A.M. El-Adasy, A.A. Atalla, K.I. Aly, One-

pot synthesis of hierarchical porous covalent organic frameworks and two-dimensional 

nanomaterials for selective removal of anionic dyes, J. Environ. Chem. Eng. 8 (2020) 

104054. https://doi.org/10.1016/j.jece.2020.104054. 

[737] H.N. Abdelhamid, Dye encapsulated hierarchical porous zeolitic imidazolate 

frameworks for carbon dioxide adsorption, J. Environ. Chem. Eng. 8 (2020) 104008. 

https://doi.org/10.1016/j.jece.2020.104008. 

[738] H.N. Abdelhamid, H.-F. Wu, Nanoparticles Advance Drug Delivery for Cancer Cells, 

in: R.K. Keservani, A.K. Sharma (Eds.), Nanoparticulate Drug Deliv. Syst., Apple 

Academic Press, USA, 2019: pp. 121–150. 

[739] H.N. Abdelhamid, Z. Huang, A.M. El-Zohry, H. Zheng, X. Zou, A Fast and Scalable 

Approach for Synthesis of Hierarchical Porous Zeolitic Imidazolate Frameworks and 

One-Pot Encapsulation of Target Molecules, Inorg. Chem. 56 (2017) 9139–9146. 

https://doi.org/10.1021/acs.inorgchem.7b01191. 

[740] G. Gumilar, Y.V. Kaneti, J. Henzie, S. Chatterjee, J. Na, B. Yuliarto, N. Nugraha, A. 

Patah, A. Bhaumik, Y. Yamauchi, General synthesis of hierarchical sheet/plate-like M-

BDC (M = Cu, Mn, Ni, and Zr) metal–organic frameworks for electrochemical non-

enzymatic glucose sensing, Chem. Sci. 11 (2020) 3644–3655. 

https://doi.org/10.1039/C9SC05636J. 

[741] K. Salimi, D.D. Usta, Ö. Çelikbıçak, A. Pinar, B. Salih, A. Tuncel, Ti(IV) carrying 

polydopamine-coated, monodisperse-porous SiO2 microspheres with stable magnetic 

properties for highly selective enrichment of phosphopeptides, Colloids Surfaces B 

Biointerfaces. 153 (2017) 280–290. https://doi.org/10.1016/j.colsurfb.2017.02.028. 

[742] M. Pamei, A. Puzari, Luminescent transition metal–organic frameworks: An emerging 

sensor for detecting biologically essential metal ions, Nano-Structures & Nano-

Objects. 19 (2019) 100364. https://doi.org/10.1016/j.nanoso.2019.100364. 

[743] F. Zhang, D. Jiang, X. Zhang, Porous NiO materials prepared by solid-state 

thermolysis of a Ni-MOF crystal for lithium-ion battery anode, Nano-Structures & 

Nano-Objects. 5 (2016) 1–6. https://doi.org/10.1016/j.nanoso.2015.12.002. 

[744] J. Wang, S. Dong, Y. Zhang, Z. Chen, S. Jiang, L. Wu, X. Zhang, Metal–organic 

framework derived titanium-based anode materials for lithium ion batteries, Nano-

Structures & Nano-Objects. 15 (2018) 48–53. 

https://doi.org/10.1016/j.nanoso.2018.03.004. 

[745] C. Xu, R. Fang, R. Luque, L. Chen, Y. Li, Functional metal–organic frameworks for 

catalytic applications, Coord. Chem. Rev. 388 (2019) 268–292. 

https://doi.org/10.1016/j.ccr.2019.03.005. 

[746] R. Fang, A. Dhakshinamoorthy, Y. Li, H. Garcia, Metal organic frameworks for 

biomass conversion, Chem. Soc. Rev. 49 (2020) 3638–3687. 

https://doi.org/10.1039/D0CS00070A. 

[747] M.Y. Masoomi, A. Morsali, A. Dhakshinamoorthy, H. Garcia, Mixed‐Metal MOFs: 

Unique Opportunities in Metal–Organic Framework (MOF) Functionality and Design, 

Angew. Chemie Int. Ed. 58 (2019) 15188–15205. 

https://doi.org/10.1002/anie.201902229. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


102 
 

[748] A. Dhakshinamoorthy, Z. Li, H. Garcia, Catalysis and photocatalysis by metal organic 

frameworks, Chem. Soc. Rev. 47 (2018) 8134–8172. 

https://doi.org/10.1039/c8cs00256h. 

[749] A. Dhakshinamoorthy, A.M. Asiri, H. Garcia, Tuneable nature of metal organic 

frameworks as heterogeneous solid catalysts for alcohol oxidation, Chem. Commun. 

53 (2017) 10851–10869. https://doi.org/10.1039/C7CC05927B. 

[750] M. Gharib, L. Esrafili, A. Morsali, P. Retailleau, Solvent-assisted ligand exchange 

(SALE) for the enhancement of epoxide ring-opening reaction catalysis based on three 

amide-functionalized metal–organic frameworks, Dalt. Trans. 48 (2019) 8803–8814. 

https://doi.org/10.1039/C9DT00941H. 

[751] L. Esrafili, A.A. Tehrani, A. Morsali, L. Carlucci, D.M. Proserpio, Ultrasound and 

solvothermal synthesis of a new urea-based metal-organic framework as a precursor 

for fabrication of cadmium(II) oxide nanostructures, Inorganica Chim. Acta. 484 

(2019) 386–393. https://doi.org/10.1016/j.ica.2018.09.025. 

[752] D. Yang, B.C. Gates, Catalysis by Metal Organic Frameworks: Perspective and 

Suggestions for Future Research, ACS Catal. 9 (2019) 1779–1798. 

https://doi.org/10.1021/acscatal.8b04515. 

[753] A.A. Kassem, H.N. Abdelhamid, D.M. Fouad, S.A. Ibrahim, Catalytic reduction of 4-

nitrophenol using copper terephthalate frameworks and CuO@C composite, J. 

Environ. Chem. Eng. 9 (2021) 104401. https://doi.org/10.1016/j.jece.2020.104401. 

[754] H.N. Abdelhamid, High performance and ultrafast reduction of 4-nitrophenol using 

metal-organic frameworks, J. Environ. Chem. Eng. 9 (2021) 104404. 

https://doi.org/10.1016/j.jece.2020.104404. 

[755] H.N. Abdelhamid, G.A.-E. Mahmoud, W. Sharmouk, W. Sharmoukh, Correction: A 

cerium-based MOFzyme with multi-enzyme-like activity for the disruption and 

inhibition of fungal recolonization, J. Mater. Chem. B. 8 (2020) 7557–7557. 

https://doi.org/10.1039/D0TB90139C. 

[756] H.N. Abdelhamid, G.A.-E. Mahmoud, W. Sharmouk, A cerium-based MOFzyme with 

multi-enzyme-like activity for the disruption and inhibition of fungal recolonization, J. 

Mater. Chem. B. 8 (2020) 7548–7556. https://doi.org/10.1039/D0TB00894J. 

[757] H. Furukawa, K.E. Cordova, M. O’Keeffe, O.M. Yaghi, The Chemistry and 

Applications of Metal-Organic Frameworks, Science (80-. ). 341 (2013) 1230444–

1230444. https://doi.org/10.1126/science.1230444. 

[758] N. Stock, S. Biswas, Synthesis of Metal-Organic Frameworks (MOFs): Routes to 

Various MOF Topologies, Morphologies, and Composites, Chem. Rev. 112 (2012) 

933–969. https://doi.org/10.1021/cr200304e. 

[759] M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter, M. O’Keeffe, O.M. Yaghi, 

Systematic Design of Pore Size and Functionality in Isoreticular MOFs and Their 

Application in Methane Storage, Science (80-. ). 295 (2002) 469–472. 

https://doi.org/10.1126/science.1067208. 

[760] Z. Wang, S.M. Cohen, Postsynthetic Covalent Modification of a Neutral 

Metal−Organic Framework, J. Am. Chem. Soc. 129 (2007) 12368–12369. 

https://doi.org/10.1021/ja074366o. 

[761] H. Deng, C.J. Doonan, H. Furukawa, R.B. Ferreira, J. Towne, C.B. Knobler, B. Wang, 

O.M. Yaghi, Multiple functional groups of varying ratios in metal-organic 

frameworks, Science (80-. ). 327 (2010) 846–850. 

https://doi.org/10.1126/science.1181761. 

[762] K.S. Park, Z. Ni, A.P. Cote, J.Y. Choi, R. Huang, F.J. Uribe-Romo, H.K. Chae, M. 

O’Keeffe, O.M. Yaghi, Exceptional chemical and thermal stability of zeolitic 

imidazolate frameworks, Proc. Natl. Acad. Sci. 103 (2006) 10186–10191. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


103 
 

https://doi.org/10.1073/pnas.0602439103. 

[763] T.K. Pal, D. De, P.K. Bharadwaj, Metal-organic frameworks as heterogeneous 

catalysts for the chemical conversion of carbon dioxide, Fuel. 320 (2022) 123904. 

https://doi.org/10.1016/j.fuel.2022.123904. 

[764] G. Singh, J. Lee, A. Karakoti, R. Bahadur, J. Yi, D. Zhao, K. AlBahily, A. Vinu, 

Emerging trends in porous materials for CO 2 capture and conversion, Chem. Soc. 

Rev. 49 (2020) 4360–4404. https://doi.org/10.1039/D0CS00075B. 

[765] J.W. Maina, C. Pozo-Gonzalo, L. Kong, J. Schütz, M. Hill, L.F. Dumée, Metal organic 

framework based catalysts for CO 2 conversion, Mater. Horizons. 4 (2017) 345–361. 

https://doi.org/10.1039/c6mh00484a. 

[766] X. Liu, J. Li, N. Li, B. Li, X. Bu, Recent Advances on Metal‐Organic Frameworks in 

the Conversion of Carbon Dioxide, Chinese J. Chem. 39 (2021) 440–462. 

https://doi.org/10.1002/cjoc.202000357. 

[767] A.A. Olajire, Synthesis chemistry of metal-organic frameworks for CO 2 capture and 

conversion for sustainable energy future, Renew. Sustain. Energy Rev. 92 (2018) 570–

607. https://doi.org/10.1016/j.rser.2018.04.073. 

[768] I. Hazra Chowdhury, A. Hazra Chowdhury, P. Sarkar, S.M. Islam, Chemical Fixation 

of Carbon Dioxide by Heterogeneous Porous Catalysts, ChemNanoMat. 7 (2021) 580–

591. https://doi.org/10.1002/cnma.202100074. 

[769] D. Kim, D.W. Kim, O. Buyukcakir, M.-K. Kim, K. Polychronopoulou, A. Coskun, 

Highly Hydrophobic ZIF-8/Carbon Nitride Foam with Hierarchical Porosity for Oil 

Capture and Chemical Fixation of CO 2, Adv. Funct. Mater. 27 (2017) 1700706. 

https://doi.org/10.1002/adfm.201700706. 

[770] J. Liang, Y.-B. Huang, R. Cao, Metal–organic frameworks and porous organic 

polymers for sustainable fixation of carbon dioxide into cyclic carbonates, Coord. 

Chem. Rev. 378 (2019) 32–65. https://doi.org/10.1016/j.ccr.2017.11.013. 

[771] Y.-T. Liao, V.C. Nguyen, N. Ishiguro, A.P. Young, C.-K. Tsung, K.C.-W. Wu, 

Engineering a homogeneous alloy-oxide interface derived from metal-organic 

frameworks for selective oxidation of 5-hydroxymethylfurfural to 2,5-

furandicarboxylic acid, Appl. Catal. B Environ. 270 (2020) 118805. 

https://doi.org/10.1016/j.apcatb.2020.118805. 

[772] R.-X. Yang, Y.-T. Bieh, C.H. Chen, C.-Y. Hsu, Y. Kato, H. Yamamoto, C.-K. Tsung, 

K.C.-W. Wu, Heterogeneous Metal Azolate Framework-6 (MAF-6) Catalysts with 

High Zinc Density for Enhanced Polyethylene Terephthalate (PET) Conversion, ACS 

Sustain. Chem. Eng. 9 (2021) 6541–6550. 

https://doi.org/10.1021/acssuschemeng.0c08012. 

[773] H. Konnerth, B.M. Matsagar, S.S. Chen, M.H.G. Prechtl, F.-K. Shieh, K.C.-W. Wu, 

Metal-organic framework (MOF)-derived catalysts for fine chemical production, 

Coord. Chem. Rev. 416 (2020) 213319. https://doi.org/10.1016/j.ccr.2020.213319. 

[774] C.-C. Chueh, C.-I. Chen, Y.-A. Su, H. Konnerth, Y.-J. Gu, C.-W. Kung, K.C.-W. Wu, 

Harnessing MOF materials in photovoltaic devices: recent advances, challenges, and 

perspectives, J. Mater. Chem. A. 7 (2019) 17079–17095. 

https://doi.org/10.1039/C9TA03595H. 

[775] H.N. Abdelhamid, W. Sharmoukh, Intrinsic catalase-mimicking MOFzyme for 

sensitive detection of hydrogen peroxide and ferric ions, Microchem. J. 163 (2021) 

105873. https://doi.org/10.1016/j.microc.2020.105873. 

[776] H.N. Abdelhamid, Metal-organic frameworks (MOFs) as a unique theranostic 

nanoplatforms for therapy and imaging, in: Inorg. Nanosyst., Elsevier, 2023: pp. 323–

350. https://doi.org/10.1016/B978-0-323-85784-0.00006-6. 

[777] H.M. El-Bery, H.N. Abdelhamid, Photocatalytic hydrogen generation via water 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


104 
 

splitting using ZIF-67 derived Co3O4@C/TiO2, J. Environ. Chem. Eng. 9 (2021) 

105702. https://doi.org/10.1016/j.jece.2021.105702. 

[778] Y.-C. Liu, L.-H. Yeh, M.-J. Zheng, K.C.-W. Wu, Highly selective and high-

performance osmotic power generators in subnanochannel membranes enabled by 

metal-organic frameworks, Sci. Adv. 7 (2021). https://doi.org/10.1126/sciadv.abe9924. 

[779] H.N. Abdelhamid, M.N. Goda, A.E.-A.A. Said, Selective dehydrogenation of 

isopropanol on carbonized metal–organic frameworks, Nano-Structures & Nano-

Objects. 24 (2020) 100605. https://doi.org/10.1016/j.nanoso.2020.100605. 

[780] L. Zhu, X.-Q. Liu, H.-L. Jiang, L.-B. Sun, Metal–Organic Frameworks for 

Heterogeneous Basic Catalysis, Chem. Rev. 117 (2017) 8129–8176. 

https://doi.org/10.1021/acs.chemrev.7b00091. 

[781] N.L. Rosi, Hydrogen Storage in Microporous Metal-Organic Frameworks, Science 

(80-. ). 300 (2003) 1127–1129. https://doi.org/10.1126/science.1083440. 

[782] H. Furukawa, N. Ko, Y.B. Go, N. Aratani, S.B. Choi, E. Choi, A.O. Yazaydin, R.Q. 

Snurr, M. O’Keeffe, J. Kim, O.M. Yaghi, Ultrahigh Porosity in Metal-Organic 

Frameworks, Science (80-. ). 329 (2010) 424–428. 

https://doi.org/10.1126/science.1192160. 

[783] C. Chizallet, S. Lazare, D. Bazer-Bachi, F. Bonnier, V. Lecocq, E. Soyer, A.-A. 

Quoineaud, N. Bats, Catalysis of Transesterification by a Nonfunctionalized 

Metal−Organic Framework: Acido-Basicity at the External Surface of ZIF-8 Probed 

by FTIR and ab Initio Calculations, J. Am. Chem. Soc. 132 (2010) 12365–12377. 

https://doi.org/10.1021/ja103365s. 

[784] X. Gong, Y. Wang, T. Kuang, ZIF-8-Based Membranes for Carbon Dioxide Capture 

and Separation, ACS Sustain. Chem. Eng. 5 (2017) 11204–11214. 

https://doi.org/10.1021/acssuschemeng.7b03613. 

[785] B. Van de Voorde, B. Bueken, J. Denayer, D. De Vos, Adsorptive separation on 

metal–organic frameworks in the liquid phase, Chem. Soc. Rev. 43 (2014) 5766–5788. 

https://doi.org/10.1039/C4CS00006D. 

[786] J.-Q. Jiang, C.-X. Yang, X.-P. Yan, Zeolitic Imidazolate Framework-8 for Fast 

Adsorption and Removal of Benzotriazoles from Aqueous Solution, ACS Appl. Mater. 

Interfaces. 5 (2013) 9837–9842. https://doi.org/10.1021/am403079n. 

[787] H. Zheng, Y. Zhang, L. Liu, W. Wan, P. Guo, A.M. Nyström, X. Zou, One-pot 

Synthesis of Metal-Organic Frameworks with Encapsulated Target Molecules and 

Their Applications for Controlled Drug Delivery., J. Am. Chem. Soc. 138 (2016) 962–

968. https://doi.org/10.1021/jacs.5b11720. 

[788] K. Shen, L. Zhang, X. Chen, L. Liu, D. Zhang, Y. Han, J. Chen, J. Long, R. Luque, Y. 

Li, B. Chen, Ordered macro-microporous metal-organic framework single crystals, 

Science (80-. ). 359 (2018) 206–210. https://doi.org/10.1126/science.aao3403. 

[789] M.R. Saleh, H.M. El‐Bery, H.N. Abdelhamid, Co@ZIF‐8/TiO2 Heterojunction for 

Green Hydrogen Generation, Appl. Organomet. Chem. (2022). 

https://doi.org/10.1002/aoc.6995. 

[790] H.N. Abdelhamid, Dehydrogenation of sodium borohydride using cobalt embedded 

zeolitic imidazolate frameworks, J. Solid State Chem. 297 (2021) 122034. 

https://doi.org/10.1016/j.jssc.2021.122034. 

[791] H.N. Abdelhamid, Hierarchical Porous Zeolitic Imidazolate Frameworks: Microporous 

to Macroporous Regime, in: 2022: pp. 431–447. https://doi.org/10.1007/978-3-030-

85397-6_14. 

[792] H.N. Abdelhamid, X. Zou, Template-free and room temperature synthesis of 

hierarchical porous zeolitic imidazolate framework nanoparticles and their dye and 

CO2 sorption, Green Chem. 20 (2018) 1074–1084. 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


105 
 

https://doi.org/10.1039/c7gc03805d. 

[793] H.N. Abdelhamid, Dye encapsulation and one-pot synthesis of microporous–

mesoporous zeolitic imidazolate frameworks for CO 2 sorption and adenosine 

triphosphate biosensing, Dalt. Trans. (2023). https://doi.org/10.1039/D2DT04084K. 

[794] A.B.A. Abdellatif, H.M. El-Bery, H.N. Abdelhamid, S.A. El-Gyar, ZIF-67 and Cobalt-

based@heteroatom–doped carbon nanomaterials for hydrogen production and dyes 

removal via adsorption and catalytic degradation, J. Environ. Chem. Eng. 10 (2022) 

108848. https://doi.org/10.1016/j.jece.2022.108848. 

[795] H.N. Abdelhamid, A Review on Removal of Carbon Dioxide (CO2) using Zeolitic 

Imidazolate Frameworks: Adsorption and Conversion via Catalysis, Cambridge Open 

Engag. (2022). https://doi.org/10.26434/chemrxiv-2022-k23gz. 

[796] H.N. Abdelhamid, Removal of carbon dioxide using zeolitic imidazolate frameworks: 

Adsorption and conversion via catalysis, Appl. Organomet. Chem. 36 (2022) e6753. 

https://doi.org/10.1002/aoc.6753. 

[797] F.E.-Z.A. Abd El-Aziz, N.E. Ebrahem, H.N. Abdelhamid, A comparative study of the 

toxic effect of ZIF-8 and ZIF-L on the colonization and decomposition of shaded 

outdoor mice carrions by arthropods, Sci. Rep. 12 (2022) 14240. 

https://doi.org/10.1038/s41598-022-18322-5. 

[798] A.A. Sadek, M. Abd-Elkareem, H.N. Abdelhamid, S. Moustafa, K. Hussein, 

Enhancement of critical-sized bone defect regeneration using UiO-66 nanomaterial in 

rabbit femurs, BMC Vet. Res. 18 (2022) 260. https://doi.org/10.1186/s12917-022-

03347-9. 

[799] W. Shamroukh, H.N. Abdelhamid, Fenton-like Cerium Metal–Organic Frameworks 

(Ce-MOFs) for Catalytic Oxidation of Olefins, Alcohol, and Dyes Degradation, J. 

Clust. Sci. (2022). https://doi.org/10.1007/s10876-022-02402-7. 

[800] H.N. Abdelhamid, MOFTextile: Metal-Organic Frameworks Nanosheets Incorporated 

Cotton Textile for Selective Vapochromic Sensing and Capture of Pyridine, Appl. 

Organomet. Chem. (2023) 10.1002/aoc.7078. https://doi.org/10.1002/aoc.7078. 

[801] H.N. Abdelhamid, G.A. Mahmoud, Antifungal and Nanozyme Activities of Metal–

Organic Framework‐derived CuO@C, Appl. Organomet. Chem. 37 (2023). 

https://doi.org/10.1002/aoc.7011. 

[802] A. Abdelhaleem, H.N. Abdelhamid, M.G. Ibrahim, W. Chu, Photocatalytic 

Degradation of Paracetamol Using Photo-Fenton-Like Metal-Organic Framework-

Derived Cuo@C Under Visible Led, SSRN Electron. J. (2022). 

https://doi.org/10.2139/ssrn.4157065. 

[803] S.A. Al Kiey, H.N. Abdelhamid, Metal-organic frameworks (MOFs)-derived 

Co3O4@N-doped carbon as an electrode materials for supercapacitor, J. Energy 

Storage. 55 (2022) 105449. https://doi.org/10.1016/j.est.2022.105449. 

[804] H.N. Abdelhamid, S.A. Al Kiey, W. Sharmoukh, A high‐performance hybrid 

supercapacitor electrode based on ZnO/nitrogen‐doped carbon nanohybrid, Appl. 

Organomet. Chem. (2021). https://doi.org/10.1002/aoc.6486. 

[805] A.I.A. Soliman, A.-M.A. Abdel-Wahab, H.N. Abdelhamid, Hierarchical porous 

zeolitic imidazolate frameworks (ZIF-8) and ZnO@N-doped carbon for selective 

adsorption and photocatalytic degradation of organic pollutants, RSC Adv. 12 (2022) 

7075–7084. https://doi.org/10.1039/D2RA00503D. 

[806] A.R. Abdellah, A.-B.A. El-Adasy, A.A. Atalla, K.I. Aly, H.N. Abdelhamid, Palladium 

nanocrystals-embedded covalent organic framework (Pd@COF) as efficient catalyst 

for Heck cross-coupling reaction, Microporous Mesoporous Mater. (2022) 111961. 

https://doi.org/10.1016/j.micromeso.2022.111961. 

[807] A. Abdellah, A. El-Adasy, A. Atalla, K. Aly, H. Abdelhamid, Palladium Nanocrystals-

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/


106 
 

embedded Covalent Organic Framework (Pd@COF) as Efficient Catalyst for Heck 

Cross-Coupling Reaction, ChemRxiv. Cambridge Cambridge Open Engag. (2022). 

https://doi.org/10.26434/chemrxiv-2022-jhv7t. 

[808] T.A. Nguyen, R.K. Gupta, Covalent Organic Frameworks, CRC Press, Boca Raton, 

2022. https://doi.org/10.1201/9781003206507. 

[809] T.A. Nguyen, R.K. Gupta, H.N. Abdelhamid, Covalent Organic Frameworks, CRC 

Press, Boca Raton, 2022. https://doi.org/10.1201/9781003206507. 

[810] M. Ibrahim, H.N. Abdelhamid, A.M. Abuelftooh, S.G. Mohamed, Z. Wen, X. Sun, 

Covalent organic frameworks (COFs)-derived nitrogen-doped carbon/reduced 

graphene oxide nanocomposite as electrodes materials for supercapacitors, J. Energy 

Storage. 55 (2022) 105375. https://doi.org/10.1016/j.est.2022.105375. 

[811] M. Ibrahim, H.N. Abdelhamid, A.M. Abuelftooh, S.G. Mohamed, Z. Wen, X. Sun, 

Covalent Organic Frameworks-Derived Nitrogen-Doped Carbon/Reduced Graphene 

Oxide as Electrodes for Supercapacitor, SSRN Electron. J. (2022). 

https://doi.org/10.2139/ssrn.4063571. 

[812] M. Ibrahim, M.G. Fayed, S.G. Mohamed, Z. Wen, X. Sun,  and H.N. Abdelhamid, 

High-Performance Lithium-Ion Battery and Supercapacitors Using Covalent Organic 

Frameworks (COFs)/Graphitic Carbon Nitride (g-C3N4)-Derived Hierarchical N-

Doped Carbon, ACS Appl. Energy Mater. (2022). 

https://doi.org/https://doi.org/10.1021/acsaem.2c02415. 

[813] M. Ibrahim, M. G. Fayed, S. G. Mohamed, Z. Wen, X. Sun, H. Nasser Abdelhamid, 

High-Performance Lithium-Ion Battery and Supercapacitors Using Covalent Organic 

Frameworks (COFs)/Graphitic Carbon Nitride (g-C3N4)-Derived Hierarchical N-

Doped Carbon, ACS Appl. Energy Mater. 5 (2022) 12828–12836. 

https://doi.org/10.1021/acsaem.2c02415. 

 

 

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3 ORCID: https://orcid.org/0000-0002-3106-8302 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-w78g3-v3
https://orcid.org/0000-0002-3106-8302
https://creativecommons.org/licenses/by/4.0/

