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Metal-organic frameworks (MOFs) have attracted considerable scientific attention due to their 

diverse potential applications. However, to be viable for large-scale industrial use, MOFs must 

exhibit the intended functionality and properties and be produced and processed in an 

economically scalable manner that yields high-quality products with minimal environmental 

impact. In light of growing environmental concerns and commercial constraints, synthetic 

methods must prioritize eco-friendliness. 

This dissertation presents a method for synthesizing MOF composites using supercritical fluid 

as a reaction medium and a continuous flow process with short residence times. In the 

supercritical phase, fluids exhibit high sensitivity to minor changes in temperature or pressure, 

which can result in significant alterations in their thermophysical properties. This characteristic 

provides an exceptional opportunity to improve heat transfer in a mixing environment for 

synthesizing the nanocomposite.  The use of this method enables a more efficient and 

environmentally friendly route to scale up the production of MOFs, incorporating principles of 

Green Chemistry. 
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The initial focus of this dissertation is the refinement of a continuous flow supercritical reactor 

for synthesizing HKUST-1, a type of copper-based MOF. This research has led to the fastest-

ever reported the synthesis of HKUST-1 in the scientific literature. Expanding upon the work 

with the continuous flow scCO2 reactor, the second part of this dissertation involved the 

synthesis of GO@HKUST-1 and CNT@HKUST-1 composite materials using the optimized 

continuous flow scCO2 reactor. The production rate achieved was multiple magnitudes greater 

than previous state-of-the-art methods. Moreover, a detailed mechanistic study comprising five 

experiments was conducted to investigate the impact of scCO2 injection temperature variation 

on the properties of GO@HKUST-1 and CNT@HKUST-1. 
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Chapter 1 Introduction   

Metal-organic frameworks (MOFs) have gained substantial scientific attention due to their 

extensive potential applications in various fields, such as gas storage [1, 2], separation [3], 

catalysis [4, 5], drug delivery [6], conducting [7], and electronic materials [8]. The ability of 

MOFs to store and purify fuel and exhaust gases is particularly intriguing. [1, 9, 10] 

For industrial purposes, MOFs must possess specific functionalities and properties that are 

cost-effective and scalable to produce high-purity products. [11, 12] The increasing awareness 

of environmental sustainability and commercial constraints has made it crucial for the synthesis 

processes of MOFs to be eco-friendly. [13] To be considered for industrial applications, the 

long-term stability of MOFs under realistic conditions, including chemical [14] and 

thermal stability [14, 15], must be investigated. Developing efficient methods for the large-

scale production of MOFs is also essential for their availability in real-life industrial 

settings.  [11, 12] Given the diverse range of potential applications, numerous MOFs must be 

produced on a large scale, and versatile production methods could facilitate this 

expansion.  [11, 12] 

The synthesis of MOFs typically involves long reaction times, ranging from several days to 

weeks, with slow heating and cooling rates using solvents such as 

N, N′ - dimethylformamide (DMF), which is toxic and environmentally hazardous. [16, 17] In 

contrast, hydrothermal syntheses are typically carried out at temperatures up to 220 °C, while 

microwave [18], sonication [19], and mechanochemical [20] syntheses sometimes involve 

shorter reaction times. However, for microwave and alternative synthesis methods to be cost-

effective for scale-up, they must offer clear benefits over conventional heating routes [21]. It 

is essential to consider the environmental impact and safety of the solvents and methods used 

in MOF synthesis. [22] Alternative, eco-friendly methods for MOF synthesis are being 
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explored to minimize the use of hazardous solvents and reduce the overall environmental 

impact of the process. [23] These methods can potentially increase the scalability of MOF 

production while maintaining the desired properties and functionalities required for various 

industrial applications [24]. 

To encourage widespread adoption, it is necessary to develop large-scale manufacturing 

methods for MOF synthesis that are rapid, environmentally friendly, and economically 

beneficial. [25] Alternative methods have been created to address the limitations of the 

solvothermal approach and produce MOFs in commercially significant quantities. [26] These 

techniques have enabled the production of MOFs with desirable characteristics and functions 

for various industrial applications on a large scale. [27] Continuous-flow methods are desirable 

for industrial production compared to batch reactors. [28] Continuous flow chemistry is a 

versatile technique that can be used with a wide range of laboratory syntheses and potentially 

facilitate the large-scale production of MOFs. [29] Investigating the potential of continuous 

flow chemistry in MOF synthesis for industrial applications is essential. [30]  

Each MOF synthesis method has its benefits and drawbacks. Rubio-Martinez et al. recently 

published a review of various synthesis methods, including a discussion of the advantages and 

disadvantages of each approach. [31] Among these methods, MOF synthesis in a supercritical 

environment appears to be a promising scalable manufacturing method. [32] Compared to other 

continuous-flow methods, production rates are over ten times higher, and synthesis occurs in 

seconds instead of tens of hours. [33] 

Using a supercritical environment is attractive for MOF synthesis because the thermodynamic 

properties of the solvent vary significantly with minor changes in pressure or temperature near 

the critical point.[34] This tunability can influence nanoparticle nucleation. [34] Water (H2O) 

has been the preferred supercritical fluid for nanomaterial synthesis, including MOFs. [35] 
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However, a drawback of supercritical water (scH2O) is its high critical temperature and 

pressure values (T =  620 K, P = 22.1 MPa), which leads to high process energy consumption 

and expensive construction materials. [36] Moreover, the high critical temperature of scH2O 

can cause thermal degradation of some MOF precursor materials, such as N, N-

dimethylformamide (DMF), which decomposes at about T = 623 K, causing defects in MOF 

ligands. Additionally, precursor materials in scH2O are vulnerable to hydrolysis degradation, 

which restricts the ability of scH2O-based continuous-flow reactors to synthesize a broad range 

of MOFs. [37] Thus most common uses for scH2O are in the gasification application [38-41] 

and the treatment of recalcitrant organic wastes [42-47]. 

In contrast to scH2O, supercritical carbon dioxide (scCO2) has a lower critical 

point (T = 304 K, P = 7.31 MPa). [48] This means that MOF synthesis using scCO2 requires 

less energy, has a lower reactor construction cost and avoids the precursor degradation issues 

associated with scH2O. [49] Another benefit of scCO2 systems is that they enable the natural 

separation of the MOF from the effluent, which makes it easy to recycle solvents and reduce 

waste streamflow. In this study, we utilized scCO2 for large-scale continuous-flow MOF 

synthesis to address the limitations of scH2O. [50] 

In a recent batch process, scCO2 was utilized to synthesize MOFs. However, this method was 

not continuous and had long reaction times ranging from 3 to 90 hours. [51] In contrast, 

continuous-flow processes require careful management of phase changes that occur within the 

reactor. [52, 53] Moreover, since the thermodynamic properties vary considerably near the 

critical point, design decisions must consider these nonlinearities to avoid unsafe and 

unsuccessful reactor operations. [53] To facilitate MOF synthesis rapidly, it is essential to 

optimize the thermal and mass transfer between the scCO2 and MOF precursor materials. 

Therefore, the design of the mixer and optimization of the synthesis conditions are crucial for 

successful and safe continuous-flow MOF synthesis. [49] 
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This thesis aims to optimize an environmentally friendly system that uses scCO2 as a quick 

heating and mixing medium for MOF synthesis in a continuous-flow reactor that can be scaled 

up. This involves two main objectives: (1) the assessment and improvement of the mixer 

section of the reactor and (2) the demonstration of MOF synthesis within the reactor and 

conducting of material characterization. 

This dissertation is divided into seven chapters. Chapter 1 introduces the research, including 

the background, motivation, and organization of the thesis. Chapter 2 demonstrates the 

feasibility of synthesizing high-quality MOFs within sub-second time frames, emphasizing the 

need to optimize the continuous flow process for HKUST-1 and other MOFs. 

Chapter 3 elaborates on the continuous flow scCO2 MOF synthesis reactor method and its 

ability to synthesize the copper and graphene oxide (GO) based MOF composite 

GO@HKUST-1 across a range of five experiments, thus proving the method’s robustness. 

Chapter 4 highlights the scCO2 method's capability to produce the CNT@HKUST-1 

composite. Chapter 5 summarizes the research contributions, while Chapter 6 highlights 

potential future research directions and outlines recommendations for the scalable and 

sustainable synthesis of nanoparticles using supercritical phase in continuous flow reactors. 

Chapter 7 contains the bibliography of all the references cited in this dissertation. It lists all the 

sources used in the research, including books, articles, journals, and other materials. The 

bibliography provides complete and accurate information for each source, including the 

author's name, the title of the work, the publication date, and the publisher or source. The 

bibliography is valuable for readers who wish to explore the sources further. 
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Chapter 2 Sub-second HKUST-1 Synthesis in Continuous Flow 

Supercritical CO2 Reactor 

2.1 Introduction 

MOFs are a class of porous coordination polymers with characteristics such as high surface 

areas and adjustable pore sizes. To date, over 500,000 MOFs have been proposed and 

synthesized. [54] Unlike conventional porous solid adsorbents, such as activated carbon, 

zeolites, and N-doped porous carbons [55, 56], MOFs can be used for gas separation and 

storage due to their controlled pore size, high permeability, and high surface area. [57-59] 

HKUST-1(Cu3(BTC)2) is one of the most widely studied MOFs, first reported by Chui et al. in 

1999. [60] HKUST-1 has garnered significant attention for its potential in various applications, 

including carbon dioxide captures [61] and hydrogen storage. [9, 62] 

The physicochemical properties and eventual practical use of MOFs are closely tied to their 

morphology. [63, 64] The morphological features depend on the experimental parameters such 

as synthesis temperature, time, and the stoichiometry of the reagents. [65-67] Rapid, eco-

friendly, and scalable MOF synthesis is needed to advance practical implementation. Using 

supercritical fluids (SCFs) as synthesis environments is a promising approach due to the 

tunable properties of supercritical fluids and their non-toxic nature. [68-70] The SCFs exhibit 

gaseous- and liquid-like properties, enabling efficient mixing of the organic compound for 

various applications [38], including synthesizing several material types. [71, 72] In particular, 

scCO2 has attracted considerable interest [49] since the synthesis requires low energy 

consumption (Tcr = 304.1°K, Pcr = 7.38 MPa) and its antisolvent properties that can enable 

reusing the solvents and, in turn, reducing the amount of waste stream. [73]  
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One of the challenges facing the practical application of MOFs is the lack of scalability of the 

laboratory methods used for their discovery, making it challenging to translate the process from 

the laboratory to an industrially viable process. [11, 74-77] Shifting from the batch process to 

continuous flow reactors could be a promising scale-up path [78, 79]; however, preserving the 

quality of MOFs in the high-throughput synthesis can present a challenge. Rasmussen et al. 

demonstrated the feasibility of producing high-quality HKUST-1 and UIO-66 MOFs in a 

continuous flow scCO2 reactor. [49, 73] Their findings indicate in the single-phase conditions 

are met, the scCO2 environment eliminates the diffusion limitations of reactions in liquid media 

and multiphase flows, allowing the synthesis of HKUST-1 within a short residence time 

(res = 70 - 170 sec). However, the authors did not investigate the extended range of synthesis 

temperatures or shorter res. Among the unanswered question are (i) what is the limiting 

operating envelope for HKUST-1 MOF synthesis, and (ii) are there optimal conditions for the 

production of MOF? This chapter reports the impact of synthesis temperature by systematically 

varying the scCO2 injection temperature in a sub-second residence time reactor.  

2.2 Experimental section 

2.2.1 Continuous flow scCO2 reactor 

The continuous-flow metal-organic framework (MOF) synthesis reactor, depicted in Figure 2 

- 1, can be operated on a temperature range of 298-873K (25-600°C) and a pressure range of 

0.101-30 MPa. The reactor employs a three-stream approach, incorporating an unheated metal 

precursor, an unheated organic precursor, and a heated scCO2 stream. The streams proceed to 

the counterflow mixing section. The mixing section is designed to optimize the mixing rate, 

thereby accelerating the process of heating the reagents with scCO2. Upon exiting the 

counterflow mixing section, the effluent is cooled to ambient temperatures and subsequently 

directed through a back pressure regulator. The reaction products, including the MOFs, are 

collected in the liquid phase, and the CO2 is safely exhausted to a fume hood. 



7 
 

 

Figure 2 - 1: Design of a scCO2 reactor for HKUST-1, a Cu-based MOF synthesis. Components and 

instrumentation include a CO2 tank, cold bath, high-pressure pump, preheater, counter-current mixing 

chamber, thermocouple, and back pressure regulator. 

2.2.2 Materials and preparation method 

The chemicals used in this experiment were procured from Sigma-Aldrich and stored following 

the manufacturer's guidelines. The preparation of the precursor materials was performed as 

previously reported. [73] Ethanol (EtOH) was used to prepare solutions of 0.24 M 

Benzene - 1, 3, 5 - tricarboxylic acid (BTC) and 0.1 M Copper (II) nitrate trihydrate, 

Cu(NO3)2•3H2O. The precursor concentration was constant. The resultant MOF particles were 

separated by centrifugation (9,000 rpm for 10 mins) using an Allegra X-30 centrifuge from 

Bechman Coulter. The MOFs were stored in glass vials and dried at 393°C overnight. 

2.2.3 Experiment Conditions 

Fourteen experiments were performed to investigate the impact of synthesis temperature on the 

crystallinity, physisorption, and morphology of HKUST-1. The scCO2 injection temperature 

was systematically varied between 50°C and 350°C. The flow rates of the precursors were kept 

the same. The residence times were calculated based on the reactor volume and the supercritical 

CO2 density (res = ~650 ms). The reactor pressure was maintained at a constant P = 10 MPa. 
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2.3 Results & discussion 

The purity of the crystalline phases in HKUST-1 was evaluated using PXRD (D8 Advance, 

Bruker) with an IµS 1-D detector. The instrument was operated at a voltage of 40 kV and a 

current of 40 mA, utilizing CuKα (λ=1.5418Å) radiation, at room temperature over the angular 

range of 2Θ = 5 ° - 45 °, with a scanning rate of 2° per min. The PXRD peaks in Figure 2 - 2 

demonstrate a match with the library HKUST-1 spectra for Tinj = 50°C - 250°C. The peaks are 

concentrated at lower 2Θ angles indicating the microporous nature of the materials. However, 

at higher synthesis temperatures T > 250⁰C, additional peaks (2Θ = 35, 40) is observed due to 

the formation of copper oxide (CuO); these peaks align with previously reported data.[9, 80] 

Figure 2 - 2 shows that the crystallinity of the HKUST-1 remained consistent up to 

Tinj = 250 °C. However, increasing the maximum local temperature, e.g., Tinj = 350 °C, led to 

MOFs (or precursors) oxidation-producing CuO. Note that thermogravimetric analysis (TGA) 

also confirms the destruction of the BTC linker at T~ 340 °C; see Figure 2 - 4. The presence 

of CuO can significantly impact the physisorption properties, as it may remain within the pores 

of the framework, leading to a decrease in specific surface area.  

  

Figure 2 - 2: XRD spectrum of HKUST-1 sample produced at different scCO2 injection temperatures. The 

sharp peaks at low 2Ɵ angles indicate the microporous structure of HKUST-1. 
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a b 

  
 c  

Figure 2 - 3: SEM micrographs of HKUST-1 synthesized by a continuous flow scCO2 reactor at varying 

synthesizing temperatures: (a) Tinj = 150 ⁰C, (b) Tinj = 250 ⁰C, (c) Tinj = 350 ⁰C. 

The morphologies and microstructures of the HKUST-1 were studied using scanning electron 

microscopy (SEM). Figure 2 - 3 shows that, in general, higher temperature conditions yield 

smaller particle sizes and higher aspect ratios. At Tinj = 150 °C, see Figure 2 - 3 (a), MOFs are 

a mixture of octahedral and rod-like structures in the 2 – 15 μm range, consistent with previous 

reports. [67] Exposed to higher temperatures during synthesis, the individual structures tend to 

clump together, e.g., at Tinj = 250°C both rod-like particles and agglomerates are present, see 

Figure 2 - 3 (b), and Tinj = 350°C the sample consists primarily of fused aggregates, see Figure 
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2 - 3 (c). Similar observations were made by Pokhrel et al. [81, 82]; the authors also suggested 

that incorporating a functionalization group may be a promising strategy to prevent 

agglomeration. 

The samples' specific surface area and porosity were determined by nitrogen adsorption-

desorption measurements (Micromeritics ASAP 2020). Before measurement, the samples were 

activated under consistent conditions. The Barrett-Joyner-Halenda (BJH) method was used to 

calculate the pore sizes. Figure 2 - 4 (a) shows that the samples' BET surface areas range 

between 380 – 1528 m2 g-1. A strong correlation was observed between the surface area and 

the CO2 injection temperature, with the maximum surface area at Tinj = 150 °C. As the 

synthesis temperature increases beyond that, the BET surface area decreases, which can be 

attributed to the formation of agglomerates and the decrease in the size of the crystallites, which 

in turn reduces the available surface area for gas adsorption. The presence of CuO (shown in 

PXRD, Figure 2 - 2 at higher synthesis temperatures indicates the MOF structures are damaged; 

additionally, the CuO could block the pores of the frameworks, reducing the specific surface 

area. These findings highlight the importance of understanding the mixing and temperature 

distribution in the reactor. Furthermore, a proper understanding of mixing and temperature 

distribution can minimize the formation of hot spots, which negatively impact the reaction 

efficiency and, in some cases, even lead to dangerous conditions such as thermal runaway. 

Conversely, inadequate mixing or uneven temperature distribution can result in incomplete 

reactions or even the formation of unwanted by-products, which can lead to waste and 

economic losses. Figure 2 - 4 b illustrates the relationship between the BJH pore radius and the 

synthesis temperature, exhibiting a similar trend to the BET surface area. At Tinj = 150 °C, the 

largest pore sizes are ~10.5 - 11.5 Å. The pore sizes are reduced to ~2 Å when fussed 

aggregates are formed at Tinj = 350 °C. 
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a 

 

b 

Figure 2 - 4: HKUST-1 Properties: a) BET surface area vs. scCO2 injection temperature. b) BJH average 

pore radius vs. scCO2 injection temperature  
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The thermal stability of HKUST-1 in a nitrogen environment is shown in  

 

Figure 2 - 5 through TGA. The trends of all the samples are similar, showing changes in the 

quality of the samples over time. The TGA analysis reveals three distinct sample weight loss 

stages, which agree with previous reports. [83] In low-temperature regions (T < 200 °C), the 

reduction in the sample mass is due to the loss of water and other molecules through 

evaporation. The molecular formula of HKUST-1 MOF is assumed to be Cu3(BTC)2(H2O)3, 

with the number of crystal-bond water groups x ~ 3.0. In the T = 200 - 300°C range, the sample 

did not experience any significant mass change, confirming the framework's thermal stability 

at higher temperatures. A sharp decrease in weight (about 27.5 wt.%) at T ~ 340°C is caused 

by the decomposition of the BTC linker. It is worth mentioning that HKUST-1@150°C 

displayed slightly improved thermal stability compared to the other samples. This can be 

attributed to its superior crystal structure compared to the other samples. 
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Figure 2 - 5: TGA curves of HKUST-1 synthesized at different temperatures. The HKUST-1 sample 

synthesized at 150°C displays improved thermal stability compared to the other samples, owing to its higher 

degree of crystallinity.  

Comparing the efficacy of MOF synthesis methods can be challenging due to several factors, 

such as the compositions of precursors and varying molar ratios used across methods. 

Furthermore, the measurement techniques can impact the characterization of morphology 

parameters, including particle size, uniformity, and surface area. Historically, reaction time, 

space-time yield (STY), and surface area production rate (SAPR) have been employed to 

evaluate the scalability of synthesis analysis.[74, 75, 84] Though imperfect, these metrics offer 

a means to assess the relationship between the production rate and the material quality. Table 

2 -  1 and Figure 2 - 6 compare both metrics for different synthesis methods. The current work 

shows the highest SAPR for (res = ~650 ms); however, it came at the cost of a reduced BET 

surface area of 1528 m2·g-1, compared to the results reported by Rasmussen et al., who utilized 

a longer residence time scCO2 reactor (res =70 – 170 sec) and consistently reported BET 

surface area of over 2,000 m2·g-1 with highest BET surface area of 2,389 m2·g-1. 

Table 2 -  1: HKUST-1 Properties: Comparison of synthesis methods of the HKUST-1 MOF, including 

surface area (SA) and SAPR. 
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Synthesis Method SA SAPR m2·m-3·d-1 

Solvothermal batch [85] BET 692.2 N/A 

Continuous flow –Stirred Tank[84] Langmuir 910 1.3*109 

Continuous flow - Microwave[84] Langmuir 600 2.4*1011 

Continuous flow - Microfluidics[86] BET 1,958 1.1*107 

Continuous flow - solvothermal[30] 1,805 2.5*1010 

Continuous flow - Hydrothermal[68] BET 1,950 N/A 

Continuous flow -scCO2[73] BET 2,389 6.4*109 

Electrochemical[12] Langmuir 1,820 5.6*108 

This work BET 1528 7.93*1011 

 

 

Figure 2 - 6:  HKUST-1 Properties: SAPR vs. SA plot. 
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2.4 Conclusions 

In summary, we reported a study focused on identifying the properties of HKUST-1 based on 

the synthesis condition. Previously Rasmussen et al. showed that in the constant temperature 

scCO2 reactor with a residence time of ~ 100 sec, the properties of synthesized HKUST-1 did 

not vary significantly once the scCO2 conditions for the mixture were met. [73] In a reactor 

with a shorter residence time, the temperature non-uniformity in the reactor is inevitable. It is 

the result of mixing room temperature reagents and the hotter scCO2. Before complete mixing 

occurs, the reagents could be exposed to scCO2 injection temperature (Tinj = 50°C - 350°C), 

causing partial degradation of the MOFs.  

ScCO2 injection enables a rapid (~650 ms) single-step synthesis of high-quality HKUST-1 

MOFs by a continuous flow process. The defined operational envelope of the synthesis process 

can be readily controlled by varying the flow rates and temperatures of the CO2 injection. The 

high reactor throughput and high quality of synthesized MOF could lead to scale-up MOF 

production in scCO2 for multiple applications. 
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Chapter 3 Nano-Composite Synthesis: Harnessing the Potential of 

Continuous Flow scCO2 Reactor for Sub-Second synthesis of 

GO@HKUST-1. 

3.1 Introduction 

The development of MOFs represents a significant advancement in crystalline microporous 

solids. These unique materials are constructed by assembling metal ions or clusters in 

conjunction with organic ligands, resulting in a periodic framework. [87, 88] The resulting 

structures possess a rigid three-dimensional topology and a high internal surface area, rendering 

them highly attractive for various applications. These include, but are not limited to, gas 

storage [89], gas purification [90-92], heterogeneous catalysis [93, 94], and chemical 

sensing. [95, 96] 

Recent advancements in the field of MOFs related research have led to the development of 

MOF composites characterized by embedding nanoscale particles within conventional 

microporous skeletons. [97] As a result, MOF composites can incorporate functional species, 

such as nanoscale metal particles or oxides, confined within the microporous networks. [98, 

99] Recent research has focused on developing metal-organic framework (MOF) composites 

utilizing materials such as GO [100, 101], Fe3O4 [102-104], ZnO [105, 106], precious metal 

nanoparticles [107-109], and alumina or silica. [110-113] 

Studies have demonstrated the potential of incorporating GO into MOFs to enhance their 

adsorption capabilities. Bandosz et al. [114] presented two GO@MOFs nanocomposites, 

MOF - 5/GO and HKUST - 1/GO, which exhibited similar crystalline structure and porosity as 

the parent MOFs, but with higher ammonia adsorption capacity due to the creation of new 

pores between the MOF units and GO. Recently, new GO@MOFs nanocomposites were 

synthesized and found to possess higher adsorption capacity than their parent MOFs, indicating 

the potential of this approach for developing advanced adsorbents. Zhou et al. [115] presented 
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a GrO@MIL-101 composite with a CO2 adsorption capacity of 3.6 mmol/g 

(T = 298 K, P = 1 bar), significantly higher than that of MIL-101 (1.6 mmol/g). Ram et 

al. [116] developed a simple method to prepare hybrid GO@ZIF-8 nanocomposites, with the 

composite (ZG - 20) displaying remarkable CO2 storage capacity (72 wt%) in comparison to 

the parent ZIF – 8 (27.2 wt%). Liu et al. [117] synthesized composites using Cu - BTC and 

graphene layers and found that the resulting materials exhibited an approximately 30% increase 

in CO2 storage capacity, from 6.39 mmol/g of Cu - BTC to 8.26 mmol/g of CG - 9 at 273 K 

and 1 atm. GO@HKUST-1 nanocomposite also exhibits enhanced hydrogen absorption 

properties. This is due to the synergistic effect of combining the high surface area and porosity 

of MOFs with the high chemical stability of GO. 

The synthesis of GO@HKUST-1 nanocomposites typically involves using the conventional 

solvothermal method. [85] In this method, preparing HKUST-1 involves heating the solution 

to 180 °C to form crystalline Cu3(BTC)2. However, this process is time-consuming, as the 

Cu3(BTC)2 must be kept in an autoclave for a prolonged period, varying from 1 day to a few 

weeks. [67] Despite this, the solvothermal method is still widely used due to its tunable reaction 

conditions and the ability to control the nucleation rate and crystal growth by controlling the 

concentration and temperature gradient. [118-121] Other methods for the rapid preparation of 

HKUST-1 include microwave heating, ultrasound irradiation, mechanochemistry, and 

solvothermal synthesis, summarized in Table 3- 3. [122-125] The conventional solvothermal 

and electrochemical methods tend to have a longer synthesis time to yield MOFs with high 

surface areas. On the other hand, methods such as mechanochemistry, microwave heating, and 

ultrasound irradiation can reduce the synthesis time. Still, they do not necessarily yield MOFs 

with high surface areas ( > 1000 m2/g), making them less suitable for large-scale production. 

Moreover, their synthesis often requires multiple steps, increasing preparation time and 

costs [125]. As a result, there is a growing need for efficient and cost-effective synthesis 
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methods, such as continuous flow synthesis, to facilitate the production of MOF-related 

nanocomposites. [49, 73] This need for efficient and cost-effective synthesis methods is 

particularly pressing in the large-scale production of MOF-related nanocomposites for 

applications such as gas separation and heterogeneous catalysis, where the ability to produce 

these materials in large quantities is crucial. 

This chapter describes a method for synthesizing GO@HKUST-1 nanocomposites that is both 

fast and efficient. Our efforts were focused on optimizing the synthesis process of the 

nanocomposites to produce particles with high surface area and high yield. 

3.2 Experimental Methods 

3.2.1 Chemicals 

Copper nitrate trihydrate (Cu(NO3)2.3H2O,99.99%) and benzene - 1,3,5 - tricarboxylic acid 

(BTC, 95%) were purchased from Sigma-Aldrich and used as received. Per the reported 

procedures, the precursor material was meticulously prepared, utilizing 99% anhydrous ethanol 

as a solvent. [73] Multilayer turbostratic reactive GO with a 90% or higher purity was sourced 

from Hydrograph Inc and used to synthesize the GO@HKUST-1 composite material. Ultra-

pure grade Nitrogen (N2) and Carbon dioxide (CO2) gases were procured from Praxair with 

purities of 99.9995%. 

3.2.2 Reactor Design 

The reactor design is documented in section 2.2.1 and briefly explained here. The flow diagram 

of the reactor is shown in Figure 2 - 1. The continuous-flow scCO2 reactor is designed to 

function in a temperature range of T = 298–873 K (25 – 600 °C) and a pressure range of  

P = 0.10 – 30 MPa. The synthesis process involves combining two precursor streams, namely 

metal and organic precursors, without heating, along with heated scCO2 in the counterflow 

mixing section to mix and heat the reactants rapidly. Upon leaving the counterflow reactor 
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section, the effluent rapidly cools to room temperature and passes through a pressure regulator. 

The reaction products are maintained in the liquid phase while the CO2 is discharged into the 

fume hood through natural aspiration. 

3.2.3 Synthesis of GO@HKUST-1 and HKUST-1 

The synthesis of HKUST-1 was conducted as previously described in Chapter 2. The 

GO@HKUST-1 composite material was synthesized by incorporating 5 wt% GO in situ during 

the synthesis of HKUST-1, along with the organic precursor materials. The concentration of 

the precursor was held constant. The particles were collected and isolated through 

centrifugation (9,000 rpm for 10 minutes) using an Allegra X – 30 centrifuge (Bechman 

Coulter). The particles were subsequently washed twice with ethanol. The blue product was 

transferred to glass vials and dried at 393 K overnight. The final yield of the product was 

determined using an analytical balance (ME54TE, Mettler Toledo). 

3.2.4 General Characterizations 

The X-ray diffraction (XRD) spectra were obtained using a D8 Advance (Bruker) equipped 

with an IµS 1 - D detector. The instrument was operated under the following conditions: 

40 kV, 40 mA for CuKα (λ = 1.5418 Å) radiation at room temperature, over an angular range 

of 2θ = 0° - 60°, and at a scanning rate of 2 deg·min-1. Fourier Transform Infrared (FTIR) 

spectra were obtained at ambient temperature using a NICOLET iS10 - FTIR spectrometer 

from Thermo Scientific. Thermogravimetric analysis (TGA) was carried out using a TA 

Instruments Thermobalance Q500 HR under a nitrogen atmosphere. The instrument was 

operated in Hi–Res mode, with a maximum heating rate of 5 K min−1 (sensitivity 1, 

resolution 5), from room temperature to 873 K. The morphology of the activated sample was 

analyzed using an FEI Sirion XL30 scanning electron microscope (SEM) operating at an 

acceleration voltage of 15 kV. To prepare the sample for the SEM imaging, 15 mg of the 

activated material was dispersed on carbon tape and sputter-coated with gold using a Manual 
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Sputter Coater (Ted Pella) to minimize charging effects. The technique of physisorption 

analysis was employed by transferring 150 mg of the activated sample to a pre-weighted 

sample tube. The sample was degassed at 383K using a Smart VacPrep 067 (Micrometrics) 

until the outgassing rate was less than 5 µm Hg. The sample tube was re-weighed to ensure a 

consistent mass for the degassed sample. Nitrogen (N2) isotherms were obtained at 77 K using 

a liquid nitrogen bath (3Flex, Micrometrics) with ultra-high-purity grade Nitrogen gas 

(99.999% purity) sourced from Praxair. The Renishaw inVia instrument, which had a 

Leica microscope built in, was used for Raman spectroscopy. The samples were excited using 

the 532 nm Ar line, and the spectral resolution was approximately 4 cm-1. The acquisition of 

each spectrum involved taking 10 accumulations of 10 seconds each. 

3.2.5 Experimental Conditions 

A series of five experiments were performed to investigate the impact of synthesis temperature 

on the crystallinity, physisorption, and morphology of GO@HKUST-1. The scCO2 injection 

temperature was varied between Tinj = 150 – 350 °C to identify the favorable conditions for 

GO@HKUST-1 nano MOF composite synthesis. Throughout all experiments, the reactor 

pressure was fixed at P = 10 MPa, while the flow rates of the precursor pumps (Pump 1 and 

Pump 2) and scCO2 flow rate (Pump 3) remained consistent at 10 mL min-1, 10 mL min-1, and 

25 mL min-1, respectively. 

3.3 Results & discussion 

The X-ray diffraction patterns for HKUST-1 and GO@HKUST-1 are depicted in Figure 3- 1. 

The diffraction pattern of HKUST-1, as represented by its well-defined characteristic peaks, 

demonstrates the crystalline nature of the material. [9, 100, 114] A GO peak typically located 

at 2θ = 9.29°  [114] is not visible due to the overlap with HKUST-1 spectra. The diffraction 

patterns for GO@HKUST-1 composites reveal that the structure of the parent MOF is 

preserved, as evidenced by the absence of any significant changes in the peak positions. The 
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diffraction peak intensities increased with the addition of GO. The high intensity observed for 

GO@HKUST-1 could be attributed to a higher degree of MOF crystallization. The 

characteristic GO peak at 2θ = 9.29 ° is absent in the XRD patterns of GO@HKUST-1 

composites, possibly because the GO may have been completely exfoliated during the growth 

of the crystals. This suggests that the presence of GO does not impede the linkage among the 

organic bridges and copper clusters in the M. However, additional analysis is needed to gain 

insight into the crystal synthesis mechanism. The XRD pattern of GO@HKUST-1 synthesized 

at Tinj = 250 °C exhibits the highest diffraction peak intensity, indicating that it has the best 

crystallinity. This also suggests that at the synthesis condition of Tinj = 250 °C, 5 wt% GO 

doping can produce MOF crystals with a uniform shape, as supported by previous research on 

HKUST-1 doped with small amounts of GO. [82] However, studies have shown that when 

excessive amounts of GO are added, the GO inclusions may act as a physical barrier that 

hinders crystal growth. [126] Additional experiments and analysis are needed to understand the 

composites' structure. 
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Figure 3- 1. XRD spectrum of GO@HKUST-1 sample produced at different scCO2 injection temperatures. 

The sharp peaks at small 2Ɵ angles indicate the microporous structure of GO@HKUST-1. 

The composite material can be examined by SEM images, shown in Figure 3-2. SEM images 

of HKUST-1 are also included for comparison. Figure 3-2 (a) depicts the crystals of HKUST- 1 

synthesized at Tinj = 150 °C. They have non-uniform shapes consisting of octahedral and rod-

like structures, as expected from previous studies[67], with varying crystal sizes ranging from 

2 - 15 μm. Figure 3-2 (b) - (f) illustrates the GO@HKUST-1 composite. The images show that 

the GO layer is present on the surface of the HKUST-1. 

In Figure 3-2 (b, c), lower temperature synthesis yields a fraction of the GO@HKUST-1 

particles appearing as rod-like crystals. The Tinj = > 250 °C case has better crystallization -- the 

resulting composite has octahedral crystals. Additionally, there are apparent cracks and defects 

on the surface of octahedral crystals. Possibly due to the GO layer acting as a barrier for crystal 

growth. A similar observation has been reported by Pan et al. [71, 105]  
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Figure 3-2 (b-f) demonstrates that the small HKUST-1 particles co-exist within the GO layers. 

The SEM images of the composite show that GO covers HKUST-1 particles. We performed 

the particle size measurements using Images J software [127], widely used for analyzing 

particle sizes, e.g., refs [128] [129]. The particle sizes in the GO@HKUST-1 synthesis are 

~ 16 ± 4 µm and are more uniform than in HKUST-1 without GO. Previously Pan et al. [71, 

105] suggested that the presence of GO in batch synthesis adds constraints to the growth of 

HKUST-1 crystals, thus resulting in smaller crystals size. In other words, the presence of GO 

during the growth of HKUST-1 crystals may cause distortion force on the crystals, leading to 

a reduction of the crystal size and the formation of cracks. The GO flakes act as a support and 

barrier, preventing the MOF crystallites from forming large, non-uniform particles.[130] This 

hypothesis needs further testing for the scCO2 continuous flow system as the time scale for 

nucleation, and the crystal growth are significantly faster than in the batch process. 
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Figure 3-2:  SEM micrograph of HKUST-1 and GO@HKUST-1 synthesized by a continuous flow scCO2 

reactor at varying injection temperatures (Tinj): a) HKUST-1 synthesized at Tinj = 150 ⁰C, GO@HKUST - 1 

synthesized at b) Tinj = 150 ⁰C, c) Tinj = 200 ⁰C, d) Tinj = 250 ⁰C, e) Tinj = 300 ⁰C f) Tinj = 350 ⁰C. 
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Figure 3- 3 illustrates the elemental mapping for the GO@HKUST-1 (Tinj = 250 ⁰C) particles.  

The elemental mapping images reveal a uniform distribution of Cu from the MOF crystals and 

an increased C concentration due to the presence of GO on the surface.  

 
Figure 3- 3: EDS mapping of GO@HKUST-1 synthesized at Tinj = 250 ⁰C 

Table 3- 1 and Table 3- 2 display the results of the elemental analysis conducted on the 

HKUST-1 and GO@HKUST-1. The increase in carbon content in the composite samples 

compared to their parent samples provides further confirmation of the presence of GO. The 

elemental analysis of GO@HKUST-1 reveals that carbon is the most abundant element (58.53 

atomic %), followed by oxygen (31.27 atomic %) and nitrogen (8.62 atomic %). Although 

copper's atomic concentration is relatively low (15.25 atomic %), its weight percentage in the 

compound is significant (25.64 wt. %). This observation suggests that copper atoms in 

HKUST-1 significantly contribute to the material's overall mass. The elemental analysis 

provides valuable insights into the composition of GO@HKUST-1 and emphasizes the 

significance of considering both atomic and weight concentrations while characterizing 

composite materials. 
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Table 3- 1: Weight concentration-based elemental analysis 

Sample % Carbon %Copper %Hydrogen %Nitrogen %Oxygen 

150°C, HKUST-1 51.10 16.42 6.07 11.10 34.57 

250°C, GO@HKUST-1 58.53 15.25 4.06 8.62 31.27 

 

Table 3- 2: Atomic concentration-based elemental analysis 

Sample % Carbon %Copper %Hydrogen %Nitrogen %Oxygen 

150°C, HKUST-1 36.54 29.30 6.06 10.91 30.07 

250°C, GO@HKUST-1 39.85 25.64 3.99 9.95 30.96 

 

 

Figure 3-4 shows the FTIR spectra of HKUST - 1 and GO@HKUST - 1. The spectra are 

similar, with the prominent characteristic peak aligning with the published FTIR spectrum of 

HKUST - 1. [131] The bands detected at 1645 cm−1, and 1590 cm−1 in both HKUST - 1 and 

GO@HKUST - 1 are attributed to the asymmetric stretching vibrations of the carboxylate 

groups present in BTC. Symmetric stretching of the same groups is observed at 1450 cm−1 and 

1370 cm−1. Moreover, the 1300 − 600 cm-1 region displays multiple bands linked to the out-of-

plane vibrations of BTC. The unoxidized sp2 bonds result in C = C peaks at the 

1590 – 1620 cm-1 range, C - O vibrations at 1250 cm-1, and C - O stretching vibrations within 

the 1720 - 1740 cm-1 range, suggesting the presence of various oxygen-containing functional 

groups in the GO structure. The band at 1111 cm−1 is related to the tensile vibration of the 

C – O – Cu bond. Notably, the observation of all characteristic peaks in GO@HKUST-1 

indicates that the structural integrity of HKUST-1 has been preserved. It is worth noting that 

the composites exhibit a higher peak intensity than that of HKUST-1, which is consistent with 

the XRD experiment findings. 
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Figure 3-4: FTIR spectra of HKUST-1 and GO@HKUST-1. 

Figure 3-5 shows the Raman spectra of HKUST-1 and GO@HKUST-1. The Raman spectra of 

GO@HKUST-1 samples have been studied to obtain structural information on the hybrid 

material. Raman spectroscopy provides information on the vibrational modes of chemical 

bonds in materials, including GO and MOFs.  The spectra reveal changes in the vibrational 

modes of the carbon and metal-organic framework components upon interaction. The Raman 

spectrum of HKUST-1@GO typically consists of several peaks in the range of 

500 - 1800 cm- 1.  The characteristic peaks in the spectra correspond to the stretching and 

bending vibrations of various chemical bonds, such as C-C, C-O, C=O, Cu-N, and Cu-O. The 

peak at around 1500 cm -1 is attributed to the stretching vibration of the C=C bonds in GO, 

indicating the presence of graphene oxide. The peak at around 1600 cm -1 corresponds to the 

stretching vibration of the BTC linkers' carboxylate (COO-) groups, indicating the MOF's 

presence. The symmetric stretching vibration of the CH2 group of GO corresponds to the 

stretching and contracting of the CH2 bonds in the graphene oxide structure, resulting in a 
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characteristic Raman peak at around 2800 cm-1. This peak is particularly useful for identifying 

the presence of GO in a sample, as it is a strong and distinct peak that is not commonly found 

in other materials. Additionally, the intensity of the peak can provide information on the 

concentration and purity of GO in the sample. Changes in the intensity or position of these 

peaks can indicate changes in the material's structure or composition, such as the formation of 

new bonds or changes in bond angles.  

 

Figure 3-5: Raman spectra of HKUST-1 and GO@HKUST-1. 

Figure 3-6 illustrates the thermal stability of HKUST-1 and GO@HKUST-1 in a nitrogen 

environment. The TG curves depict the changes in the sample quality over time. The trend of 

GO@HKUST-1 is similar to that of HKUST-1. Additionally, the TGA analysis reveals three 

weight loss stages for the HKUST-1 and GO@HKUST-1 samples, which align with those 

reported in the literature. [83] The first weight loss in the TG curves of HKUST-1 and 

GO@HKUST-1 samples at a temperature below ~ 175 °C results from the removal of guest 

molecules, which are the trapped molecules in the pores of the MOF structure. The second 
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weight loss between 175 °C and 325 °C corresponds to the removal of bound water, which 

refers to the water molecules that are physically adsorbed or chemically adsorbed on the surface 

of the MOF structure. The third weight loss, which starts at ~325 °C, corresponds to the 

decomposition of the MOF structure. This means that the MOF structure begins to break down, 

and the chemical bonds that hold the structure together weaken, resulting in a mass loss. The 

weight loss curve shows that adding GO significantly improves the thermal stability of 

HKUST-1. Among the synthesized composites, GO@HKUST-1 synthesized at 250⁰C exhibits 

the best thermal stability, while GO@HKUST-1 synthesized at 350⁰C shows the worst thermal 

stability. To quantify the structural degradation occurring at ~ 40⁰C higher temperature for 

GO@HKUST-1 synthesized at 250⁰C compared to GO@HKUST-1 synthesized at 350⁰C. This 

can be explained by the higher degree of crystallization in the GO@HKUST-1 synthesized at 

250 ⁰C.  High crystallization can cause a decrease in the amount of material that is lost during 

thermal analysis. [132, 133] This is because crystalline materials typically have stronger bonds 

as they are more tightly packed and, thus, more thermally stable than amorphous materials. As 

a result, the onset of weight loss during a TGA experiment may be shifted to a higher 

temperature. The overall weight loss may be less for a highly crystalline sample than for a less 

crystalline or amorphous sample. It has been reported that bare GO decomposes at around 210 

°C [130]; however, the weight loss due to GO is not significant for our nanocomposites mainly 

because of its relatively low content compared to the MOF. 
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Figure 3-6: TGA curves of HKUST-1 and GO@HKUST-1 synthesized at different injection temperatures. 

The GO@HKUST-1 sample synthesized at 250°C displays improved thermal stability compared to the 

other samples, owing to its higher degree of crystallinity. 

Five experiments were conducted to investigate the impact of scCO2 injection temperature on 

the physisorption of GO@HKUST-1. The injection temperatures were set to 150 °C, 200 °C, 

250 °C, 300 °C, and 350 °C to evaluate the temperature range within which MOFs can be 

formed while avoiding the degradation of GO@HKUST-1 MOFs to Cu2O. Throughout the 

experiments, the reactor was maintained at a constant pressure of P = 10 MPa, while the flow 

rates of the precursor pumps, Pump 1 and Pump 2, as well as the scCO2 flow rate (Pump 3), 

remained constant at 10 mL·min-1, 10 mL·min-1, and 25 mL·min-1, respectively. 
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Figure 3-7: Nitrogen adsorption isotherms of the synthesized GO@HKUST-1. 

To determine the surface area and porosity of the samples, N2 adsorption-desorption 

experiments were conducted at 77 K, see Figure 3-7. The N2 isotherms exhibited a typical type-

I sorption behavior, characterized by a sharp increase at low nitrogen relative pressure, 

followed by a plateau, indicating that the samples possess abundant micro-pores. In addition, 

small type IV hysteresis loops were observed on the GO@HKUST-1 composites, suggesting 

the presence of narrow slit-like pores between HKUST-1 particles and GO layers, similar to 

other reports of MOF-GO composites. The N2 isotherms of the GO@HKUST-1 composites 

showed higher adsorption capacity than HKUST-1, indicating that the former has a higher 

specific surface area. However, at Tinj = 150°C, the BET surface area of GO@HKUST-1 was 

1171 m2 g−1, which is lower than that of the parent MOF, HKUST - 1. The decrease in surface 

area was ascribed to the surplus of unreacted GO, which possesses a considerably lower surface 

area than the HKUST-1 MOF. However, at higher injection temperatures (Tinj > 200 °C), the 

BET surface area of GO@HKUST-1 was higher than that of the parent MOF, indicating better 
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thermal stability of GO@HKUST-1 at higher temperatures. Nonetheless, adding GO is 

expected to induce enhanced microporosity in the HKUST-1, leading to improved adsorption 

and faster sorption kinetics than pure HKUST-1.  

 

Figure 3-8: HKUST-1 and GO@HKUST-1 Properties: BET surface area vs. scCO2 injection 

temperature. 

The samples underwent consistent activation before their specific surface area and porosity 

were determined using the Micromeritics ASAP 2020 instrument. The pore sizes were 

calculated using the Barrett-Joyner-Halenda (BJH) method, and Figure 3-8 showed that the 

samples had BET surface areas ranging from 1171 - 1401 m2.g-1. The CO2 injection 

temperature directly correlated with surface area, with the highest value achieved at 

Tinj = 250 °C. However, increasing the synthesis temperature beyond this point caused a 

decrease in BET surface area due to the formation of agglomerates and a reduction in crystallite 
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size, leading to the decline in the available surface area for gas adsorption. It is, therefore, 

essential to understand the mixing and temperature distribution in the reactor to achieve a high 

surface area and porosity, which are essential for gas adsorption and separation. The nitrogen 

adsorption-desorption measurements and BJH analysis provide useful information on the 

physical properties of the synthesized materials, aiding in the optimization of the synthesis 

process for specific material properties. 

Table 3- 3: GO@HKUST-1 Properties: Comparison of synthesis methods of the GO@HKUST-1 MOF, 

including surface area (SA) and SAPR. 

Synthesis Method 
SA  

(m2.g-1) 

SAPR 

(m2 .m-3.d-1 ) 
Reference 

Microwave heating BET 1080 7.46*106 [122] 

Ultrasound irradiation BET 1,156 4.79*108 [122] 

Mechano-chemical BET 1421 2.95*107 [123] 

Conventional solvothermal BET 1000-1800 5.76*106 [124] 

Electro-chemical BET 1,500-2100 5.81*106 [125] 

Continuous flow - 

Ultra-fast scCO2 
BET 1401 5.36*1010 This research 
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Figure 3-9: GO@HKUST-1 Properties: SAPR vs. SA plot.  

The quest for optimal synthesis methods of MOFs is challenging and riddled with several 

factors that can impact the efficacy of the process. The precursors' compositions and the 

varying molar ratios employed across methods pose significant hurdles. Moreover, even the 

characterization of fundamental morphology parameters such as particle size, uniformity, and 

surface area can be influenced by the measurement techniques employed, further compounding 

the challenge. Numerous metrics have been used to pursue the most effective synthesis 

methods, including reaction time, space-time yield (STY), and surface area production 

rate (SAPR). In Table 3- 3 and Figure 3-9, the results of these metrics are presented for different 

synthesis methods. The results of this study indicate that the scCO2 synthesis method with a 

reaction time of ~650 ms achieved the highest surface area production rate (SAPR) compared 

to other methods. However, this came with a trade-off, as the BET surface area of the material 
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was reduced to 1401 m2 g-1. The race to balance synthesis parameters for optimal MOF 

properties continues, but these findings serve as a testament to the persistence and ingenuity of 

the scientific community. 

3.4 Conclusion 

This study synthesized GO@HKUST-1 hybrid nanocomposites. Qualitative assessments 

confirmed that the formation of GO@HKUST-1 did not alter the structure of the parent MOF. 

The resultant nanocomposites exhibited similar characteristics to those of pure HKUST-1. The 

main findings are that GO@HKUST-1 nanocomposites exhibited superior thermal properties 

of HKUST-1 and a broader synthesis envelope. Potential control of the particle size needs to 

be further evaluated.  
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Chapter 4 Continuous Flow Synthesis of MWCNT@HKUST-1 

Hybrid Composites in scCO2 Environment: Effects of Injection 

Temperature on Morphology, Crystallinity, and Porosity. 

4.1 Introduction 

When exposed to moisture, HKUST-1 exhibits a significant decrease in its surface area and 

absorption capacity. An effective technique for improving the adsorption characteristics and 

stability of HKUST-1 involves modifying the material through functionalization. [134] 

Incorporating diverse functional groups have been shown to produce superior CO2 capture 

properties.[135] Another approach to functionalization is the creation of hybrid functionalized 

materials, or composites, by combining HKUST-1 materials with other crystalline structures 

like multi-walled carbon nanotubes (MWCNTs). [13, 81-83, 116, 117, 126, 134] Synthesizing 

composites that combine carbon nanotubes (CNTs) and MOFs have displayed encouraging 

outcomes in gas storage applications. In an ideal scenario, such composites would also exhibit 

greater thermal resistance than pure HKUST - 1. [1, 2, 4, 8, 117] 

MOF - based composites have mostly been about growing MOFs on siliceous materials[136] 

or adding carbon to MOFs. [137, 138] For instance, Yang et al. prepared a CNT/MOF-5 hybrid 

composite and observed a significant increase in surface area and hydrogen storage capacity 

compared to MOF-5. [138] Xiang et al. synthesized CNT/HKUST-1 hybrid that showed 

increased CO2 and CH4 uptakes compared to unmodified MOFs. [1] 

Recently, the incorporation of MWCNTs into MOFs has been reported to be promising for the 

adsorption and separation of gases. Zhonghua et al. reported the incorporation of MWCNTs 

into HKUST-1 for CO2 capture. [134] Unmodified and CNT@Cu3(BTC)2 showed CO2 

adsorption capacities of 295 and 595 mg g−1 at 25°C and 18 bar, respectively. Prasanth et al. 

offer a prime example of the composite MOF synthesis approach, where single-walled carbon 

nanotubes (SWCNTs) were incorporated into MIL - 101 to produce a new MOF material 
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(SWNT@MIL-101). [139] Remarkably, the structure of the MOF material was unaltered by 

the incorporation of SWCNTs, and the hydrogen (H2) adsorption capacity of MIL - 101 

increased from 6.37 to 9.18 wt% at 77 K and 60 bar, and from 0.23 to 0.64 wt% at T = 298 K 

and P – 60 bar.  

Developing composites based on HKUST-1 has become an active and attractive field of 

research. Several new and exciting examples have emerged, including H2 storage, catalysis, 

chromatography, CO2 capture, and lithium-sulfur batteries. Nevertheless, synthesizing these 

composite materials takes several hours using the conventional method. We aim to expedite 

the synthesis process of these composites. This chapter presents the first use of scCO2 in a 

continuous flow reactor to synthesize, for the first time to our knowledge, a composite material 

named MWCNT@HKUST-1 based on MWCNTs and HKUST-1, utilizing the scCO2 synthesis 

environment. In five experiments, we investigate the effects of scCO2 mixing section injection 

temperature (ranging from Tinj = 150 to 350°C) on the morphology, crystallinity, and porosity 

of the MWCNT@HKUST-1. 

4.2 Experimental Procedure 

The reactor's design has been documented in section 2.2.1, with a brief explanation provided 

here. The flow diagram of the reactor can be found in Figure 2 - 1. This continuous-flow reactor 

is precisely engineered to operate within a temperature range of T = 298-873K (25 – 600 °C) 

and a pressure range of P = 0.10 – 30 MPa. In the synthesis process, two unheated precursor 

streams, namely metal and organic precursors, are combined with heated scCO2 in the 

counterflow mixing section to rapidly mix and heat the reactants. Subsequently, the effluent is 

rapidly cooled to ambient temperature and passed through a BPR. The reaction products remain 

in the liquid phase, while the CO2 is naturally aspirated into the fume hood. 
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The Benzene-1,3,5-tricarboxylic acid (BTC) and Copper (II) nitrate trihydrate, 

Cu (NO3)2•3H2O utilized in this experiment were obtained from Sigma-Aldrich. The Aligned 

MWCNTs (95%+ purity, outer diameter 10 – 20 nm, length 30 - 1000 micrometer) used in this 

study were procured from Nanostructured & Amorphous Materials Inc. The concentration of 

the precursor remained constant throughout the process. The MOF particles were isolated 

through centrifugation using an Allegra X-30 centrifuge from Bechman Coulter, operating at 

9,000 rotations per minute for 10 minutes. The MOFs were placed in glass vials and subjected 

to overnight drying at 393 K. 

Five experiments were performed to investigate the influence of scCO2 injection temperature 

on the physisorption of CNT@HKUST-1. The injection temperatures (Tinj) were varied 

between 150°C to 350°C to determine the temperature range suitable for MOFs formation 

while avoiding the collapse of CNT@HKUST-1 MOFs into Cu2O. A constant pressure of 

P = 10 MPa was maintained in the reactor during experiments, while the flow rates of the 

precursor pumps (Pump 1 and Pump 2) and scCO2 flow rate (Pump 3) remained consistent at 

10 mL min-1, 10 mL min-1, and 25 mL min-1, respectively. 

4.3 Results and discussion 

The PXRD spectra of HKUST-1 and CNT@HKUST-1 were analyzed and presented in Figure 

4 - 1. The PXRD peaks observed in the HKUST-1 patterns were consistent with those reported 

in the literature, indicating a well-crystallized structure consisting of Cu2(OAc)4 paddlewheel 

secondary building units (SBUs) connected by tri-dentate BTC ligands.[9, 67, 73, 112] Here, 

Cu2(OAc)4 represents a copper-based coordination compound, where OAc stands for acetate 

anion. The space group was determined to be Fm3m, with lattice parameters of a = 26.343 Å 

and V = 1.828 × 10−4 Å. These same peaks were also present in the PXRD patterns of the 

composite materials, suggesting that the cubic crystalline structure of HKUST-1 was preserved 

after the incorporation of CNTs. The characteristic (002) peak of CNTs, typically observed at 
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2θ = 26-27°, was not detected in the diffraction patterns of the composite, likely due to 

overlapping with the HKUST-1 peak. [138] 

 

Figure 4 - 1: PXRD spectra of HKUST-1 and 5 wt % MWCNT@HKUST-1 Samples. The pattern shows 

characteristic peaks corresponding to the crystal lattice planes of the CNTs and HKUST-1. The CNTs in 

the composite have a characteristic peak at around 2θ = 26°, corresponding to the (002) plane of the 

hexagonal graphite structure. This peak is broadened due to the small size and high degree of disorder of 

the CNTs in the composite. The HKUST-1 MOF material in the composite exhibits several sharp peaks in 

the XRD pattern, indicating its well-defined crystal structure. The most substantial peak in the pattern 

appears at around 2θ = 12.9°, corresponding to the (111) plane of the MOF structure. 

HKUST-1 structure consists of three different cavities that can interconnect to form channels. 

The largest channel displays Cu−OH2···H2O−Cu distances of 19.88 Å between vertices of the 

cuboctahedral cavity, the second channel exhibits Cu···Cu distances of 18.62 Å, and the 

smallest channel has COO···COO distances of 15.89 Å. These dimensions suggest that the 

channels in HKUST-1 are not large enough to host MWCNTs. Instead, it is more likely that 

MWCNTs serve as a growing template or crystallization seed for HKUST-1, a phenomenon 

observed in various MOF-coated nanostructures for different applications.  [9, 67, 73, 112]  

Figure 4 -  2 shows an SEM image, whereas Figure 4 -  3 presents energy-dispersive X-ray 

spectroscopy (EDS) mapping of the 5% MWCNT@HKUST-1 composite material. The SEM 
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image shows highly organized particles with an average size of 2 – 6 µm. Note that the particle 

size is significantly smaller than unmodified HKUST-1 and GO@HKUST-1. The EDS 

mapping of the copper and carbon elements indicates the presence of Cu2+ ions distributed 

within the analyzed particles.  

The morphology of the MCNT@HKUST-1 composite observed in Figure 4 -  2  exhibits a 

confinement growth of HKUST-1 in MWCNT arrays. Confinement growth refers to the 

process by which a material is grown or synthesized in a confined space or under restricted 

growth conditions. It is noteworthy that the crystal size of HKUST-1 in the confined growth is 

much smaller (sub-micron) than that of the unmodified  HKUST - 1. The alteration in 

HKUST - 1 morphology by growing in the confined interspace of MWCNT is significant in 

some applications, such as Hydrogen storage. 
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a 

  

b c 

Figure 4 -  2: SEM micrograph of CNT@HKUST-1 synthesized by a continuous flow scCO2 reactor at 

varying synthesis temperatures: a) Tinj = 150 ⁰C, b) Tinj = 250 ⁰C, c) Tinj = 350 ⁰C. 
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Figure 4 -  3: EDS mapping of CNT@HKUST-1 synthesized at 150 ⁰C 

The elemental analysis results for HKUST-1 and CNT@HKUST-1 are presented in Table 4- 1 

and Table 4- 2. The increase in carbon content in the composite samples compared to their 

parent samples confirms the presence of CNT. The atomic percentages for CNT@HKUST-1 

reveal that carbon is the most abundant element, with a concentration of 47.89%, followed by 

oxygen (34.73%) and nitrogen (4.64%). Despite copper's low atomic concentration (8.68%), 

its weight percentage in the compound is substantial (30.63%), indicating that copper atoms in 

HKUST-1 play a significant role in determining the material's mass. The elemental analysis 

results provide valuable insights into the composition of CNT@HKUST-1 and underscore the 

importance of considering both atomic and weight concentrations when characterizing 

composite materials. 

 

Table 4- 1: Weight concentration-based elemental analysis 

Sample % Carbon %Copper %Hydrogen %Nitrogen %Oxygen 

150°C, HKUST-1 51.10 16.42 6.07 11.10 34.57 

250°C, CNT@HKUST-1 47.89 8.68 2.06 4.64 34.73 
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Table 4- 2: Atomic concentration-based elemental analysis 

Sample % Carbon %Copper %Hydrogen %Nitrogen %Oxygen 

150°C, HKUST-1 36.54 29.30 6.06 10.91 30.07 

250°C, CNT@HKUST-1 32.98 30.63 3.99 3.61 29.79 

 

 

Figure 4 -  4: Raman spectra for HKUST-1 and 5 wt % MWCNT@ HKUST-1. 

Raman spectroscopy experiments on the MWCNT@HKUST-1 composite provided insights 

into incorporating MWCNTs with HKUST-1. The characteristic stretching vibration modes of 

the CNTs were observed in Figure 4 -  4, confirming the presence of MWCNTs in the 

composite. The G band appears at around 1580 cm-1 and is associated with the stretching 

vibration of sp2 carbon atoms in the graphene lattice of the CNTs. The D band appears at 

around 1350 cm-1 and is associated with the disorder-induced breathing mode of the graphene 

lattice. The intensity ratio of the D band to the G band (ID/IG) can be used to measure the 

degree of disorder and defects in the CNTs. 
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In addition to the characteristic peaks of the MWCNTs, typical HKUST-1 Raman peaks were 

also observed in the spectrum. The peaks associated with the C-C modes of the benzene ring 

appeared at 1003 and 1610 cm-1, with the latter appearing as a shoulder next to the G-band 

from the MWCNTs in the MWCNT@HKUST-1 composite spectra. The symmetric and 

asymmetric −COO modes of the carboxylates appeared at 1460 and 1540 cm-1, respectively. 

The signals from the MWCNT@HKUST-1 composite red-shifted to 1427 and 1527 cm-1, 

which suggests that the presence of the MWCNTs may have some effect on the coordination 

of copper OMS. 

The Raman spectrum of the CNT-HKUST-1 composite reveals that the CNTs and HKUST – 1 

particle are well-integrated and coexist within the material. The ID/IG ratio of the CNTs in the 

composite indicates a moderate degree of disorder, which is consistent with the broadening of 

the CNT peak observed in the XRD pattern. The characteristic peaks in the Raman spectrum 

confirm the presence of the HKUST-1 MOF particles in the composite. 

Overall, the Raman spectroscopy experiments provided valuable information about the 

vibrational properties of the MWCNT@HKUST-1 composite and the incorporation of 

MWCNTs in the composite. The information obtained from these experiments can be used to 

optimize the synthesis and properties of the composite material for various applications. 

Fourier-transform infrared (FTIR) spectroscopy is a powerful technique for identifying 

composite material functional groups. In the case of the CNT@HKUST-1 composite, FTIR 

experiments were carried out to provide insights into the chemical structure of the composite 

material. Figure 4 - 5 presents the FTIR spectra of HKUST-1 and CNT@HKUST-1. 

The FTIR spectrum of the CNT@HKUST-1 composite showed characteristic peaks of both 

the CNTs and the HKUST-1 framework. The peaks observed in the spectrum were in good 

agreement with those reported in previous studies.[138] The peaks associated with the 
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stretching vibrations of the C-C bond in the CNTs were observed at 1490 cm-1, while the peaks 

associated with the stretching vibrations of the Cu-O bond in the HKUST-1 framework were 

observed at 622 cm-1. 

 

Figure 4 - 5: FTIR spectra for HKUST-1 and 5 wt % MWCNT@ HKUST-1. 

The FTIR spectrum also showed additional peaks, which could be attributed to functional 

groups on the surface of the CNTs and the HKUST-1 framework. The peak observed at 

1713 cm-1 was assigned to the stretching vibrations of the carbonyl group (C=O) in the 

carboxylate group of HKUST-1. Additionally, the peak observed at 1640 cm-1 can be attributed 

to the bending vibrations of the N-H bond in the HKUST-1 framework. 

The FTIR experiments provided valuable information about the chemical structure of the 

CNT@HKUST-1 composite and the functional groups present in the composite. The 

information obtained from these experiments can be used to optimize the synthesis and 

properties of the composite material for various applications. 
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Figure 4 - 6: Nitrogen adsorption isotherms of the synthesized CNT@HKUST-1.Which provides 

information about its gas storage properties. The particles' uniform pore size and microporosity were 

identified by analyzing the isotherms' shape. 
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Figure 4 - 7: HKUST-1 and CNT@HKUST-1 Properties: BET surface area vs. scCO2 injection 

temperature.  

For CNT@HKUST-1, N2 adsorption-desorption experiments were performed at 77 K to 

evaluate the surface area and porosity of the samples. According to the IUPAC classification, 

Type-I shape isotherm is identified in Figure 4 - 6. This isotherm shape indicates microporosity 

and uniform pore sizes. Hysteresis loops of type H4 were observed for all materials, which is 

associated with the filling of micropores. While the pores of HKUST-1 are almost cylindrical, 

the incorporation of CNTs caused a slight change in the shape of the hysteresis loop. This 

alteration in shape resulted from an enlargement of the pore size, which caused an increase in 

capillary condensation. Further analysis revealed that the composite with 5 wt % MWCNT has 

approximately 25% lower surface area and pore volume than HKUST-1 when the injection 

temperature is 423 K, and with the increasing injection temperature, the BET surface area of 

5 wt % MWCNT@HKUST-1 shows very little change. Overall, these findings demonstrate 
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the potential for CNTs to enhance the surface area and pore volume of HKUST-1, which could 

have important implications for applications in various fields such as gas storage, catalysis, and 

drug delivery. 

4.4 Conclusion 

This research aimed to synthesize CNT/HKUST-1 hybrid nanocomposites for gas storage 

applications. The study showed that the formation of CNT@HKUST-1 did not alter the 

structure of the MOF, and the resulting nanocomposites exhibited comparable properties to 

pure HKUST-1, with improved surface area for certain synthesis conditions. Although 

adjusting the injection temperature of scCO2 had only a minor effect on the BET surface area, 

further research should be conducted to explore the impact of varying the concentration of 

reactants. Using scCO2 as a heating and mixing medium in a continuous flow reactor proved 

highly reliable, resulting in no leftover reactants or undesired by-products in the final product. 

The study suggests that CNT@HKUST-1 nanocomposites have promising potential for gas 

storage applications.  
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Chapter 5 Conclusions  

Despite identifying thousands of MOFs, only a few are currently produced commercially. 

However, the potential applications of MOFs are vast and promising, and their practical uses 

remain largely unexplored. Therefore, further research and development efforts are crucial to 

unlocking the full potential of MOFs for practical applications. 

Several crucial steps must be taken to exploit the practical applications of MOFs. Firstly, 

developing efficient and scalable synthesis methods is essential to enable the large-scale 

production of MOFs. This will allow MOFs to be produced in large quantities at affordable 

prices, making them more accessible for commercial applications. 

Secondly, comprehensive characterization techniques are necessary to understand MOFs' 

structural and functional properties. These techniques will enable researchers to fully 

characterize and understand the physicochemical properties of MOFs, which is critical for 

designing MOFs with tailored properties for specific applications. 

Finally, it is crucial to test MOFs under practical conditions to ensure they perform as expected 

in real-world applications. This will help establish MOFs' practical uses and efficacy in various 

fields. Furthermore, the successful application of MOFs in different industries will pave the 

way for the widespread commercial use of MOFs. 

In conclusion, further research and development are needed to explore the potential of MOFs 

for practical applications. Developing efficient and scalable synthesis methods, comprehensive 

characterization techniques, and testing under realistic conditions is crucial to realizing the 

practical uses of MOFs. With continued efforts, MOFs can become a vital material for various 

industries, ranging from energy storage to drug delivery, thereby contributing to the betterment 

of society.  
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Chapter 6 Future work  

1. Scale-up of the process: 

The continuous flow scCO2 reactor has shown promising results for the sub-second formation 

of MOF composites at the laboratory scale. However, the commercial production of the 

composite requires the scalability of the process. The scalability of the process can be achieved 

by increasing the size of the reactor, improving the efficiency of the extraction and purification 

steps, and optimizing the operating conditions. The reactor size can be expanded using a larger 

high-pressure vessel that can accommodate a higher volume of scCO2. The extraction and 

purification steps can be improved using more efficient techniques such as ultrafiltration. The 

operating conditions such as temperature, pressure, flow rate, and residence time can be 

optimized to obtain high yields and purity of the composite. Successful scale-up of the process 

can lead to the commercial production of MOF composite for various applications. 

2. Optimization of process parameters: 

The synthesis of MOF composite using a continuous flow scCO2 reactor involves several 

process parameters such as temperature, pressure, flow rate, and residence time. Optimizing 

these process parameters can result in improved properties of the composite, such as higher 

yield, higher purity, and enhanced performance. Statistical techniques such as the Design of 

Experiments (DoE) can be used to study the effect of each process parameter on the synthesis 

process. DoE can help identify the optimal process conditions by minimizing the required 

experiments. The optimized process conditions can result in an efficient and reproducible 

synthesis of MOF composite, which can be helpful in various applications. 

3. Application of the composite: 
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The MOF composite can be evaluated for its potential applications in various fields, such as 

catalysis, gas separation, energy storage, and drug delivery. The composite's performance can 

be compared with existing materials to determine its advantages and limitations. The 

composite's catalytic activity can be evaluated by studying its ability to catalyze various 

chemical reactions. The composite's gas separation properties can be assessed by measuring its 

selectivity and permeability for different gases. The composite's energy storage potential can 

be evaluated by studying its capacitance and cycle stability in supercapacitors. The composite's 

drug delivery potential can be evaluated by studying its ability to encapsulate and release drugs. 

4. Synthesis of three-dimensional (3D) MOF composite: 

The current synthesis process of MOF composite produces a two-dimensional (2D) composite. 

However, synthesizing a three-dimensional (3D) composite can enhance the specific surface 

area and improve the performance of the composite in various applications such as gas 

adsorption and separation. The synthesis of a 3D composite is challenging as it requires the 

development of a suitable template to guide the growth of the composite in three dimensions. 

Developing a suitable template can involve various techniques, such as using sacrificial 

templates, self-assembling block copolymers, and electrospinning. The 3D composite's 

performance can be evaluated by comparing its specific surface area, gas adsorption capacity, 

and selectivity with the 2D composite. The successful synthesis of a 3D MOF composite can 

open new avenues for its applications in various fields.  
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